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Resumo 
Encontrar novas formas de combater o aquecimento global e alterações climáticas tem sido 
um dos focos principais da comunidade científica. Investigadores acreditam que a resposta 
reside em promover fontes de energia renovável, particularmente biocombustíveis sólidos e 
resíduos renováveis. A gasificação recebeu um interesse renovado na conversão 
termoquímica da biomassa devido ao seu desempenho ambiental e à sua forte portabilidade. 
No entanto, apesar das suas várias vantagens, o estado de desenvolvimento desta tecnologia 
pode ser, quanto muito, caracterizado como um nicho limitado. Para estimular incentivos 
financeiros adicionais, bem como o interesse cientifico, para impulsionar o uso comercial 
da tecnologia há vários obstáculos tecnológicos que devem ser resolvidos, nomeadamente o 
scale-up, produção de alcatrão e CO2, limpeza do gás e a fraca competitividade económica. 
Uma das maiores ferramentas disponíveis para auxiliar os investigadores nesse sentido é a 
simulação numérica. Esta ferramenta permite cortar custos (uma vez que são necessárias 
menos actividades experimentais), diminuir o ciclo de projecto necessário (normalmente é 
preciso menos tempo para simular um processo do que para testá-lo) e aumentar o 
conhecimento sobre o próprio processo (uma vez que é mais fácil isolar parâmetros e testar 
qual é realmente a sua influência). A capacidade do modelo numérico em encontrar 
soluções para as principais dificuldades desta tecnologia foi testada nesta tese. Para o fazer, 
resultados numéricos foram comparados e validados com resultados experimentais (obtidos 
numa central em escala piloto) e com literatura disponível. Os resultados de substratos 
portugueses, bem como de resíduos sólidos urbanos, foram investigados. 
Palavras-chave: Simulação numérica; Biomassa; Resíduos sólidos urbanos; Gasificação; 
Optimização.  
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Abstract 
Finding new ways to fight global warming and climate change has been one of the main 
focuses of the current scientific community. Researchers believe the answer relies on 
promoting renewable energy sources with special attention given to solid biofuels and 
renewable waste. Gasification has recently received renewable interest in the 
thermochemical conversion of biomass due to its environmental performance and high 
portability component. However, despite its many advantages, the stage of development of 
biomass gasification can best be characterized as one of limited niche development. To 
stimulate further financial incentives as well as research interest to push for the commercial 
use of biomass gasification there are several technology setbacks that must be addressed, 
namely the scaling up, tar and CO2 production, gas cleaning and increase the economic 
competitiveness. Perhaps the greatest tool available to assist researchers with this regard is 
numerical simulation. This tool allows cutting costs (since less experimental activities are 
required), decreasing the necessary design cycle (it typically takes far less time to compute 
a process than to actually test it) and allows an enormous amount of physical insight on the 
process itself (since its far easier to isolate parameters and to test what the influence of all 
the desired conditions actually is). Numerical model’s ability to address and possibly find 
solutions to biomass gasification’s main technology setbacks was tested in this thesis. To 
do so, numerical results were compared and validated with experimental results (from a 
pilot scale plant) and available literature. Results from common Portuguese biomass 
substrates as well as municipal solid wastes were investigated. 
Keywords: Numerical simulation; Biomass; Municipal solid wastes; Gasification; 
Optimization. 
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Introduction 
Climate change is one of the greatest environmental, social and economic threats of our 
time. According to the IPCC, greenhouse gas emissions have increased since the pre-
industrial era at an alarming rate and are now the highest in history [1]. In fact, the 
concentration of carbon dioxide in the atmosphere (the main culprit of global warming) is 
now 1.5 times higher when compared to the pre-industrial era values. As a result, earth’s 
average surface temperature has increased by around 0.6 ºC from the beginning of the 20
th
 
century and is expected to reach 1 ºC by 2035 [2]. Current projections point that if no 
additional mitigation efforts are implemented the estimated warming in 2100 will be in the 
range between 2.5 ºC to 7.8 ºC (when compared with the pre-industrial levels). According 
to the scientific community, consequences of temperatures at or above 4 degrees Celsius 
include: significant species extinction; extreme weather events; enormous risks to global 
and regional food security; consequential constraints on common human activities; 
increased likelihood of triggering tipping points and limited potential for adaptation in 
some cases [1]. 
Preventing this catastrophic outcome is a key priority for the European Union. Europe is 
making significant efforts to substantially reduce its GGE by encouraging other countries 
and regions to follow their example. Latest reports from Eurostat [3], show that in 2014, 
greenhouse gas emissions in the EU-28 were down by 22.9 % when compared with 1990 
levels, putting it on track to surpass its 2020 target, which is to reduce GGE by 20 %. EU’s 
long-term goal is to reduce its emissions by 80-95 % when compared to 1990 levels. 
Renewable energy sources represent a cornerstone of EU’s energy policy in achieving this 
goal [4]. Utilization of renewable sources helps fulfilling the energy demand while 
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mitigating the environmental problems. In 2014, the contribution of renewable energy to 
the total primary energy production from all sources in the EU-28 was 25.4 % (representing 
196 million TOE). Among renewable sources, the most important ones were solid biofuels 
and renewable waste, accounting for just under two thirds of primary renewables 
production [3]. 
Biomass is one of the renewable energy resources with the greatest potential for 
development since it can be easily stored and transported, can also be converted into 
biofuels thus increasing its applicability and perhaps more importantly it can contribute 
significantly to energy independence of the region along with associated economic and 
environmental benefits. In fact, biomass utilization represents a crucial component in 
Portugal’s strategic plan in reducing its foreign energy dependence. Portuguese biomass 
resources are diverse but an important contribution can be found from agricultural-related 
residues. Coffee husks, forest and vineyard pruning residues are largely available and have 
attractive low costs [5]. 
Among biomass sources, MSW are the largest volume of residues produced worldwide [6]. 
The world is going through an intense process of urbanization and MSW, one of the most 
important by-products of an urban lifestyle, is growing at an even higher rate. According to 
the latest reports [7], in just 10 years the production of MSW increased from 680 to 1,300 
million tons per year, which represents an average increase of 0.64 to 1.2 kg of MSW per 
person per day. Current projections estimate an increase to 1.42 kg of MSW per person per 
day by 2025, which would translate into an annual generation of 2,200 million tons. 
The treatment of these residues is quite expensive and often represents the single largest 
budgetary item of a city. Worldwide MSW management costs from 2012 exceeded 190,000 
million euros and are expected to reach 350,000 million by 2025 [7]. Of all methods of 
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waste disposal, landfill is still the most used today, although it is becoming less and less 
popular due to the lack of available land and due to the emission of CH4 and other landfill 
gases, which can cause numerous contamination problems [8]. Incineration has gained 
ground over landfills since it can reduce the solid waste volume, decreasing the space it 
takes up and reducing the stress on already overflowing landfills. However, waste 
incineration is expensive and poses challenges of air pollution and ash disposal [8]. 
With applications going back as far as the 19
th
 century, gasification has received renewable 
interest in the thermochemical conversion of biomass for being CO2-neutral, having a high 
potential, improving security of supply while being able to provide power, chemicals and 
fuels. Furthermore, gasification is becoming an increasingly attractive technology to treat 
MSW with fewer emissions than other methods of treatment [9]. It has been mostly used in 
WTE plants, and one of its most promising results was achieved for the production of H2-
rich gas [10].  
However, despite its many advantages and increase research, the stage of development of 
biomass gasification can best be characterized as one of limited niche development [11]. To 
stimulate further financial incentives as well as research interest to push for the commercial 
use of biomass gasification there are several technology setbacks that must be addressed, 
namely the scaling up [12], tar and CO2 production [13], gas cleaning and increase the 
economic competitiveness [11].  
Researchers have been trying to address these issues, mostly using laboratory scale 
gasifiers (due to lower operating costs [14]), being the work carried out on industrial 
gasifiers extremely limited (due to the high cost of a gasification plant, which can reach 
tens of millions of euros [15]). This is a major concern since the hydrodynamics from a 
small reactor change drastically in a larger reactor, meaning that the information gathered 
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in laboratory scale reactors can be of little to no help when building a commercial size 
reactor that can be tens or even hundreds of times larger [16]. 
Mathematical models are being employed to work around this exact problem. By allowing 
for a simplified representation of reality they provide the ability to better understand the 
physical and chemical mechanisms inside the reactor without major investments nor time 
consuming experiments [16]. Different modeling approaches have been used by different 
researchers depending on the degree of complexity they are willing to endure. Equilibrium 
models are a popular method since they provide a quick way to calculate the maximum 
yield of a desired product [16]. However, since they don’t take hydrodynamics, transport 
process or reaction kinetics into account results sometimes lack meaningful information. 
These setbacks led to the development of kinetic models, being much more accurate but 
also computationally expensive [17].  
Increase in computational power is gradually replacing empirical or semi-empirical models 
with CFD to study biomass and waste gasification. These models can provide crucial 
insights into the flow field inside the reactor and can lead to a better understanding and 
improve performance of the operation while indicating solutions to potential problems. 
However, due to the extreme complexity in creating a realistic model, this application is 
still in a developing stage and more studies are needed [18]. 
The gasification process is characterized by a multiphase flow containing solid and gas 
phases (in a slagging gasifier liquids can also be present). The solid particles can have a 
wide range of sizes and shapes (especially when we consider solid wastes) and their organic 
components are consumed while passing through the reactor. Correctly modeling the 
interaction between phases is crucial since they exchange heat by convection, mass over the 
heterogeneous chemical reactions, and momentum due to the drag between gas and solid 
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phase [19]. In most cases this can become extremely complex since the user needs to have a 
complete knowledge of all relevant phenomena (i.e. mass transfer rates, solid properties, 
heat transfer rates, reaction rates, equation of state data and gas viscosities, to name a few) 
which unfortunately is rarely available [20]. Modeling of these phenomena, on top of all the 
other necessary steps to create a realistic model with the ability to correctly predict the 
gasification process, has proved to be a daunting process to most researchers. 
Thesis Outline 
The focus of this thesis is to address and possibly promote solutions to biomass 
gasification’s main technology setbacks. To do so, I’ve drawn from my own previous 
studies and use them as stepping stones to deepen the literature on the subject. Therefore, 
the presented thesis was compiled as a collection of scientific research papers that have 
been written throughout the years. Still, to avoid repetition and to make the document stand 
on its own, the remaining of the work is presented as a continuous effort. 
That being said, chapter 2 compiles all of the key information related to feedstock 
materials, experimental data and data regarding LIPOR’s partnership. Chapter 3 and 
chapter 4 expose the key features of the mathematical and thermodynamic models, 
respectively. In chapter 5 all the main results are displayed, starting with model validation, 
assessing operational conditions, analyzing syngas quality indices and performing first and 
second law analysis on MSW gasification. Finally a multi-stage optimization is explored as 
well as the haunting scale-up phenomenon. At the end, some possible applications for 
MSW gasification using different gasifying agents are discussed. Recommendation for 
future work and main conclusions of this work are presented in Chapter 6. Furthermore, all 
the major scientific publications this thesis is based on are displayed at the end for 
consultation purposes.  
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2. Material and Methods 
2.1.Feedstock Material 
Given the growing concerns about climate change, namely heavy dependence on fossil 
fuels and rising energy costs, many countries, in particular Portugal, have been promoting 
renewable energy sources. The use of biofuels comes forward as a contributing solution, 
since it leads to globally lower emissions when compared to using fossil fuels, and one of 
the breakthroughs of European Union legislation was the approval of so-called "energy 
crops" for biofuel production [21]. Portuguese biomass resources are diverse but an 
important contribution can be found from agricultural-related residues. Coffee husks, forest 
and vineyard pruning residues are largely available and have attractive low costs [5]. 
Portuguese forest covers 3.2 million ha, which corresponds to 35.4 % of the national 
territory and is the basis of an economic sector that generates about 113,000 direct jobs (2 
% of the workforce) [22]. 
The wine sector is one of the most important in the Portuguese economy, contributing very 
significantly to the final value of agricultural production and exportation, with a remarkably 
high contribution to the balance of trade; in fact, it is one of the few agri-food sectors with a 
positive trade balance. There is a great interest by Portuguese entities to study the best ways 
to valorize the residues and sub-products generated by this industry [22]. 
When processed, coffee generates a significant amount of agricultural wastes. Coffee 
husks, comprised of dry outer skin, pulp and parchment, are probably the major residues 
from the handling and processing of coffee. One of the main problems facing industries 
nowadays is how to dispose of these residues (there are more than two million tons 
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produced yearly [23]), since they contain some amount of caffeine, polyphenols and 
tannins, which makes them toxic in nature. 
The total primary energy demand in Portugal amounted to 243,311 GWh in 2014 [24]. 
According to Ferreira et al. [25], forest and pruning residues alone can potentially produce 
13,768 GWh per year (about 5.7 % of the total primary energy demand in the country). 
Additionally, the energy production from bioresources (biomass, solid urban waste, and 
biogas) was 29,400 GWh in 2014. Previous data showed that both forest and pruning 
residues can play an important role in the Portuguese energy scenario. 
Prior to the actual gasification process, biomass analysis was carried out in the Laboratory 
of Chemistry of the High School of Technology and Management located in Portalegre, 
Portugal, since biomass characteristics can provide valuable information on how the 
gasification process will occur. This kind of analysis also provides crucial data to feed into 
the implemented numerical model. 
The instruments used in the performed analysis are as follows: 
 Thermal Gravimetric Analysis - Data for proximal analysis (Figure 2.1a); 
 Elemental Analysis - Determination of biomass composition with respect to the 
percentage of  C,  H, N and O (Figure 2.1b);  
 Humidity - Sample moisture content assessment (Figure 2.1c);  
 Calorific Value - Appraisal of energy contained in biomass (Figure 2.1d). 
From the tests carried out it was possible to compile the main biomass properties, available 
in Table 2.1. 
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Figure 2.1 - Photographs of a) Simultaneous Thermal Analyzer (STA) 6000, b) Elemental Analyzer Flash 
2000, c) MB200 Moisture Analyzer and d) Calorimeter (IKA C200). 
Table 2.1 - Biomass properties. 
Substrate properties 
Forest 
residues 
Coffee 
husk  
Vines 
pruning 
Elementary analysis (dry ash free)       
N (%) 2.4 5.2 2.6 
C (%) 43.0 40.1 41.3 
H (%) 5.0 5.6 5.5 
O (%) 49.6 49.1 50.6 
Humidity (%) 11.3 25.3 13.3 
Density (kg/m
3
) 650 500 265 
Lower heating value (MJ/kg biomass) 21.2 20.9 15.1 
Proximal analysis (%)       
Ash 0.2 2.5 3.1 
Volatile matter 79.8 83.2 83.6 
Fixed carbon 20.0 14.3 13.3 
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2.2.Experimental Setup 
Gasification tests were performed in a semi-industrial gasification plant (Figure 2.2), 
installed in the Industrial Park of Portalegre, Portugal. The plant is based on fluidized bed 
technology, with a processing capacity of approximately 100 kg/h, operating between 750 ° 
and 850 °C. 
 
Figure 2.2 - Photograph of the semi-industrial gasification plant in Portalegre, Portugal. 
Figure 2.3 depicts a diagram of the biomass gasification unit used in the experiments. 
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Figure 2.3 - Schematics of the gasification plant. 
The main components of the unit are as follows: 
a) Biomass feed system with two storage silos to allow the loading of biomass into the 
reactor using an Archimedean screw variable and controllable speed, in which the silos also 
act as buffers to prevent the entry of air through the biomass feed system; 
b) Fluidized bed reactor as a tubular reactor of 0.5 m in inner diameter and slightly over 4.0 
m in height, internally lined with refractory ceramic material; biomass enters the reactor at 
0.5 m from its base, whereas preheated air is admitted from the base by means of a set of 
diffusers (usually at 300 ºC), providing a flow of about 70 m
3
/h; three temperature sensors 
are installed inside in order to monitor and control the gasification temperature and ensure 
syngas leaves the reactor at 600 °C; the reactor operates with a negative pressure gradient 
produced by the vacuum pump installed at the end of the process line; monitoring the 
temperature inside the reactor is a key factor for the success of the gasification process, and 
its control is achieved by adjusting the amount of air admitted to the reactor; 
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c) Gas cooling system comprising two heat exchangers; the first cools the synthesis gas to 
about 300 °C using a co-current air flow entering the unit and the second further cools the 
synthesis gas to about 150 °C by forced flow of air from the exterior; 
d) Cellulosic bag filter which removes carbon particles and ash produced in the gasification 
process and is cleaned by injecting pressurized synthesis gas; carbon particles are collected 
at the bottom of the filter and stored in a warehouse; 
e) The condenser, where condensed liquids are removed by cooling the syngas to room 
temperature, through a third heat exchanger. 
2.3.Analysis Procedures 
Syngas analysis was performed on a gas chromatograph Varian 450 TCD-GC (Figure 2.4a) 
with two detectors which reveal the presence of H2, CO, CO2, CH4, O2, N2, C2H6, C2H4 
using He as carrier gas. The samples for analysis were obtained from Tedlar bags (Figure 
2.4b) at the condenser outlet once the gasification of a given raw material composition had 
reached steady state. The collected gas samples were then injected (up to 1 hour after 
sampling) directly from the chromatograph sampling bags using a peristaltic pump 
equipped with a Marpren tube. Chromatographic peaks for different gases were identified 
based on their retention times by comparison with those of the same reference gas 
chromatogram provided by the manufacturer. The molar percentage of the gas composition 
was calculated from the peak area of the chromatographic signal. 
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Figure 2.4 - Photographs of a) Varian Bruker 450 GC gas chromatograph, b) system for injection of samples 
into the gas chromatograph and bags for gaseous sample collection. 
2.4.Uncertainty Analysis 
Errors and uncertainties in experimental results can arise from various factors, such as 
instrument selection, condition, calibration, observation, reading, surroundings and test 
planning [26]. In the experiments of biomass gasification, temperatures, flow rates and 
pressure drops were measured with appropriate instruments. The following is a compilation 
of the major uncertainties in the process made available by Portalegre’s team [27]. 
- Total Uncertainties in Reactor Temperatures 
For the gasification process, the average uncertainties resulting from temperature 
measurement are classified as follows: 
 Average uncertainty resulting from the thermocouple fabrication process ± 0.3 %; 
 That arisen from connecting devices and thermocouple settling ± 0.5 %; 
 The average uncertainty as a result from the interaction of the thermocouples with 
the SCADA system ± 0.02 %. 
Individual uncertainties such as those mentioned above can be combined together as the 
root the sum of the squares of each uncertainty, like so: 
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𝐶𝑜𝑚𝑏𝑖𝑛𝑒𝑑 𝑢𝑛𝑐𝑒𝑟𝑡𝑎𝑖𝑛𝑡𝑦 = √𝑎2 + 𝑏2 + 𝑐2 + ⋯                                                                   (2.1) 
The combined uncertainty for reactor temperatures is ± 0.58 %.  
- Total Uncertainties in Pressure Drops 
During the gasification process, the average uncertainties resulting from pressure drop 
measurement are taken as the average uncertainty associated to the fabrication process and 
to the connecting devices of pressure transducers, which is ± 0.75 %. 
- Total Uncertainties in Biomass Flow Rates 
The average uncertainties arisen from flow rate measurement are listed below: 
 The average uncertainty arisen from time recorder ± 1 %; 
 That resulting from balance instrument vibration ± 0.015 %; 
 That arisen from weighing biomass ±1 %; 
 That as a result from wet feed rate of biomass assessment ± 0.25 %. 
- Total Uncertainties in Air Flow Rate 
The average uncertainty resulting from air flow rate calculation is ± 1.2 %. 
- Total Uncertainties in Syngas Outflow Rate 
The analysis of gasification gas and determination of molar percentage composition were 
performed as explained in depth in section 2.3. Taking those considerations into account, 
the average uncertainty associated to volumetric gas flow rate calculation is ± 1.75 %.  
The results are consistent with the scarce literature on biomass gasification uncertainty 
analysis [28]. 
2.5.Portuguese Municipal Solid Waste Evolution 
Before the late nineteens Portugal’s situation regarding solid waste management was 
dramatic with 76 % going to open landfills and 14 % going to controlled landfills. Due to 
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an overwhelming change in public opinion, caused by landscape and soil degradation as 
well as disease spreading in local populations, national governments were forced to 
implement the first National Waste Management Plan (PERSU) [29]. Since then, Portugal 
has been slowly reversing the previously stablish trend. Figure 2.5 presents the 
development of MSW generation and respective final destination in Portugal from 2001 to 
2010. 
 
Figure 2.5 - MSW generation and final destination in Portugal from 2001 to 2010. 
Despite decreasing landfills from over 75 % to 60 % the strategy aimed at the total 
eradication of open dumps failed. In February 2007, PERSU II was ratified to target the 
period between 2007 and 2016. The new national plan tried to carry on the previous waste 
management policy, taking into account new requirements formulated at national and EU 
level, in particular by ensuring compliance with Community targets for diverting 
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biodegradable municipal waste from landfill, while trying to remedy the limitations 
mentioned on the implementation of PERSU I. 
Still, according to the European Environment Agent [30], Portugal needs to intensify the 
implementation of the plan while adding considerable efforts to fulfil the EU targets.  
Gasification is becoming an increasingly attractive technology to treat MSW, through clean 
gas production, and thus becoming a valuable root to achieve those targets. 
2.5.1. MSW Characterization and LIPOR’s Sorting Plant  
Since model accuracy depends on using realistic data, the characterization and analysis of 
Portuguese MSW was carried out using data from the Oporto metropolitan area obtained 
from LIPOR, the entity responsible for the management, treatment and recovery of solid 
waste municipal produced in the city. Based on modern municipal waste management 
concepts that stand for the implementation of integrated systems and reduction of waste 
disposal in landfills, LIPOR has developed an integrated strategy for the recovery, 
treatment and confinement of municipal waste, based on three main areas: multi-material 
recovery, organic recovery and energy recovery, which are complemented by a landfill 
where rejected and previously prepared waste is sent to. 
Every year, LIPOR treats about 500,000 tons of municipal waste that are produced by 
roughly 1 million inhabitants. Early estimates from 2016 indicate that 240,648 tons of 
wastes were produced in the first half of the year. Although premature, this represents an 
increase in 2.7 % when compared to the same period from previous year. After years of 
undefined trends, these figures seem to indicate a return to the increasing trend in municipal 
waste production that occurred during the period between 2002 and 2010 (up to 18 %), 
which can be explained by the improvement of the macroeconomic situation of the country, 
which increased the level of consumption and, consequently, the production of waste. 
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During the management and treatment of collected MSW, samples were acquired for 
posterior physical characterization. Table 2.2 describes the obtained samples. 
Table 2.2 - Physical characterization of the MSW in Oporto in 2014. 
Category Weight (%) 
Putrefied residues 37.57 
Paper 6.16 
Cardboard 4.31 
Composites 6.39 
Textiles 7.74 
Sanitary textiles 8.72 
Plastics 12.10 
Combustive non specified 0.93 
Glass 5.53 
Metals 2.45 
Non-combustive non specified 0.50 
Hazardous residues 0.01 
Fine elements 7.59 
To better understand how the physical characterization was obtained as well as the steps 
necessary to formulate the chemical composition used in the simulations it is best to 
understand how the sorting process works. The following is a summarized step-by-step 
process of LIPOR’s sorting plant (full process description can be viewed at [31]): 
 The materials from the Ecocontainer, the door-to-door packaging collection, the 
Ecofone and other special circuits are discharged in the Sorting Plant reception area. 
These discharges are subject to an inspection, to record its quality. The materials are 
placed in the pre-sorting cabin, where pre-sorting is done, resulting in 3 streams: 
large film, large rejected and other materials of large dimension. After passing the 
pre-sorting cabin, the materials are forwarded to a “bag-opener”, to homogenize the 
material. 
 The materials, after passing through the “bag-openers” (so the material 
homogenate), are forwarded to the ballistic sorter. Ballistic sorting equipment is a 
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device that allows the sorting of material in 3 fractions: thin, rolling and flat. The 
equipment is assembled with a pre-defined inclination, and consists of a set of 
perforated bars, which in a continuous movement, sorts the materials. 
 The materials, which in the ballistic section followed the rolling’s path, are 
forwarded to the respective hopper. Before they get to the rolling hopper, the 
materials go through two automatic sorting systems: an automatic vacuum system 
that sucks all the light and flexible materials; and an electromagnet, which sorts all 
ferrous metals and forward them through a hopper, to a metal baler, where they are 
pressed and sent to recycling industries. 
 The escalators sent to the respective hopper, are transported to the rolling sorting 
cabin. The sorting cabin consists of two rows of parallel sorting, where is sorted 
sequentially 4 materials (PET, PEHD, Mixed Plastics and CPLF). The materials 
follows to Foucault currents, where aluminum is sorted by a magnetic flux process 
that allows automatic sorting of the material. The remaining material is considered 
process rejected. 
From the described pre-treatment of MSW done by LIPOR, a refuse derived fuel simply 
containing cellulosic materials and plastics is obtained (comprised of putrefied wastes, 
paper, wood wastes, and plastic residues). The remaining MSW components follow another 
route for valorization or elimination, as described above. It has been shown that the plastic 
residues are mainly composed of polyethylene, polystyrene, and polyvinyl chloride [32] 
while cellulosic materials are composed of cellulose, hemicelluloses, and lignin [33]. 
Since the ultimate analysis from LIPOR does not distinguish between cellulosic materials, 
their composition was presupposed to be similar to the one found by Onel et al. [34], where 
the cellulosic material comprises cellulose, hemicellulose and lignin. Regarding the plastics 
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group, LIPOR report shows the relative quantities of each monomer in the MSW. 
Therefore, it was possible to take into account different monomers for the plastics group as 
shown in Table 2.3. 
Table 2.3 - Chemical composition of the MSW in Oporto in 2014. 
Category Weight (%) Chemical formula 
Cellulosic material 85.42 * 
Polyethylene 10.99 (𝐶2𝐻4)𝑛 
Polyethylene terephthalate 2.02 (𝐶10𝐻8𝑂)𝑛 
Polypropylene 0.81 (𝐶3𝐻6)𝑛 
Polystyrene 0.76 (𝐶8𝐻8)𝑛 
*It was considered the proportion of cellulose, hemicellulose and lignin found in [34]. 
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3. Mathematical Model 
Experimental studies conducted in pilot scale or industrial reactors like the one presented in 
the previous section are fairly absent from the available literature. The reason why is due to 
the difficulty in regulating operating parameters but primarily due to the high cost of a 
gasification plant, which can reach tens of millions of euros depending on the generated 
power [15].  
Mathematical models, with the ability to theoretically simulate any physical condition, 
allow studying the gasification process without resorting to major investments and/or the 
need for long waiting periods (with all the bureaucratic and logistical problems associated). 
However, due to the extreme complexity of the gasification process, largely due to the 
chemical and physical interactions that occur throughout, the ability of numerical models to 
correctly predict experimental data collected from pilot scale or industrial reactors is 
usually very limited. In fact, the lack of reliable models was the main motivation for the 
first draft of our developed model early in the decade [35].  
3.1.Gas-Solid Interaction 
When modeling bubbling fluidized-bed reactors, like the one described, the two-phase flow 
theory of fluidization is usually applied for the description of the process hydrodynamics. 
Because of this, correctly modeling the interaction between gas and solid phases is crucial 
since they exchange heat by convection, mass over the heterogeneous chemical reactions, 
and momentum due to the drag between gas and solid phase. The main equations governing 
both phases are depicted in Table 3.1. 
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Table 3.1 - Governing equations for gas and solid phases. 
Gas Phase Solid Phase 
Energy: 
 
 
𝜕(𝛼𝑔𝜌𝑔ℎ𝑔)
𝜕𝑡
+ ∇ ∙ (𝛼𝑔𝜌𝑔?⃗? 𝑔ℎ𝑔) = −𝛼𝑔
𝜕(𝑝𝑔)
𝜕𝑡
+
𝜏?̿?: ∇(?⃗? 𝑔) − ∇𝑞 𝑔 + 𝑆𝑔 + ∑ (?⃗? 𝑠𝑔 + ?̇?𝑠𝑔ℎ𝑠𝑔)
𝑛
𝑔=1  
 
𝜕(𝛼𝑠𝜌𝑠ℎ𝑠)
𝜕𝑡
+ ∇ ∙ (𝛼𝑠𝜌𝑠?⃗? 𝑠ℎ𝑠) = −𝛼𝑠
𝜕(𝑝𝑠)
𝜕𝑡
+ 𝜏?̿?: ∇(?⃗? 𝑠) −
∇𝑞 𝑠 + 𝑆𝑝𝑠 + ∑ (?⃗? 𝑠𝑔 + ?̇?𝑠𝑔ℎ𝑠𝑔)
𝑛
𝑠=1  
Mass: 
 𝜕(𝛼𝑔𝜌𝑔)
𝜕𝑡
+ ∇ ∙ (𝛼𝑔𝜌𝑔?⃗? 𝑔) = −𝑀𝐶 ∑𝛾𝐶𝑅𝐶  
𝜕(𝛼𝑠𝜌𝑠)
𝜕𝑡
+ ∇ ∙ (𝛼𝑠𝜌𝑠?⃗? 𝑠) = 𝑀𝐶 ∑𝛾𝐶𝑅𝐶 
Momentum: 
 
 
𝜕(𝛼𝑔𝜌𝑔?⃗? 𝑔)
𝜕𝑡
+ ∇ ∙ (𝛼𝑔𝜌𝑔?⃗? 𝑔?⃗? 𝑔) = −𝛼𝑔∇𝑝𝑔 +
𝛼𝜌𝑔𝑔 + 𝛽(𝑢𝑔 − 𝑢𝑔) + ∇ ∙ 𝛼𝑔𝜏?̿? + 𝑆𝑠𝑔𝑈𝑆 
 
𝜕(𝛼𝑠𝜌𝑠?⃗? 𝑠)
𝜕𝑡
+ ∇ ∙ (𝛼𝑠𝜌𝑠?⃗? 𝑠?⃗? 𝑠) = −𝛼𝑠∇𝑝𝑠 + 𝛼𝜌𝑠𝑔 +
𝛽(𝑢𝑠 − 𝑢𝑠) + ∇ ∙ 𝛼𝑠𝜏?̿? + 𝑆𝑠𝑔𝑈𝑆 
3.1.1. Granular Eulerian Model 
According to Goldschmidt et al. [36], two phase flows can be modeled using two different 
approaches: the Eulerian-Lagrangian and the Eulerian–Eulerian models. With considerable 
similarities, the fundamental difference between them lies in the way the particles are 
treated. The former describes the solid phase at the particle level while the latter treats the 
particles as continuum. In industrial applications, typically comprised of millions of 
particles, following individual particles becomes excessively time consuming and for this 
reason the Lagrangian approach tends to be less used [37]. 
The Eulerian approach not only requires lower computational resources and calculation 
times, but also allows a detailed analysis of the disperse phase flow field, which is 
convenient for engineering design applications. For this reason the Granular Eulerian model 
was applied to our model. 
Granular Eulerian model is described by the following conservation equation for granular 
temperature: 
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3
2
[(
𝜕(𝜌𝑠𝛼𝑠𝛩𝑠)
𝜕𝑡
) + ∇ ∙ (𝜌𝑠𝛼𝑠𝑣 𝑠𝛩𝑠)]
= (−𝑝𝑠𝐼 ̅ + 𝜏?̅?): ∇(𝑣 𝑠) + ∇ ∙ (𝑘𝛩𝑎∇(𝛩𝑠)) − 𝛾𝛩𝑎 + 𝜙𝑙𝑠                                 (3.1) 
This expression is obtained from the kinetic theory of gases. The term (−𝑝𝑠𝐼 ̅ + 𝜏?̅?): ∇(𝑣 𝑠) 
describes the generation of energy by the solid stress tensor, 𝜙𝑙𝑠 stands for the energy 
exchange between ﬂuid and solid phase, γΘafor the collisional dissipation of energy and 
𝑘𝛩𝑎∇(𝛩𝑠) for the diffusion energy, in which kΘais the diffusion coefﬁcient. 
3.2.Turbulent Model 
In turbulent flows, like the one being studied, transported quantities like momentum, 
energy and species concentration tend to fluctuate. Modeling said fluctuations can be too 
computationally expensive, which is why instantaneous governing equations are usually 
replaced with their time-averaged, ensemble-averaged, or otherwise manipulated to remove 
the small time scales. 
The standard k-ε model was used to simulate the turbulent flow due to its suitability for a 
wide range of wall-bounded and free-shear flows. The model is the simplest turbulence 
two-equation model in which the solution of two separate transport equation allows the 
turbulent velocity and length scales, which are to be independently determined. Turbulence 
kinetic energy (k) and dissipation rate (ε) are respectively given by: 
𝜕
𝜕𝑡
(𝜌𝑘) +
𝜕
𝜕𝑥𝑖
(𝜌𝑘𝑢𝑖) =
𝜕
𝜕𝑥𝑗
[(𝜇 +
𝜇𝑡
𝜎𝑘
)] 𝐺𝑘 + 𝐺𝑏 − 𝜌𝜀 − 𝑌𝑀 + 𝑆𝑘                                     (3.2) 
𝜕
𝜕𝑡
(𝜌𝜀) +
𝜕
𝜕𝑥𝑖
(𝜌𝜀𝑢𝑖) =
𝜕
𝜕𝑥𝑗
[(𝜇 +
𝜇𝑡
𝜎𝜀
)] + 𝐶1𝜀
𝜀
𝑘
(𝐺𝜀 + 𝐶3𝜀𝐺𝑏) − 𝐶2𝜀𝜌
𝜀2
𝑘
+ 𝑆𝜀                (3.3) 
To determine the turbulence kinetic energy as well as the dissipation rate, the following 
constants were assumed: 𝐺𝑘 = 1.0 and 𝐺𝜀 = 1.3 stand for the turbulent Prandtl numbers for 
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k and ε, respectively, 𝐶1𝜀 = 1.44, 𝐶2𝜀 = 1.92, and 𝐶3𝜀 = 0 are default constants commonly 
used in Fluent and 𝑆𝑘 and 𝑆𝜀 for user-defined source terms. 
3.3.Chemical Reaction Model 
In this study, two different chemical reaction models were used in the simulation: the finite-
rate/Eddy-dissipation model was used to describe homogeneous reactions while the 
Kinetic/Diffusion Surface Reaction Model was employed for heterogeneous ones. The 
main distinction between these two models is associated to how the carbon species are 
treated. The homogeneous gas reaction assumes the carbon species gasified straightaway, 
and that the carbon is treated as a gas, while heterogeneous particle-gas reaction treat 
carbon as solid particles and they go through finite-rate reaction via a typical reaction at 
particle surface. Table 3.2 presents the main reactions as well as the corresponding reaction 
rates for these 2 models. Shown reactions can slightly change if different gasifying agents 
other than air are considered. Previously published models using steam [38] and carbon 
dioxide [13] address those exact changes. 
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Table 3.2 - Chemical reaction model. 
Reactions Reaction Rate Ref. 
Homogeneous Reactions:  
𝐶𝑂 + 0.5𝑂2 → 𝐶𝑂2 𝑟1 = 1.0 × 10
15𝑒𝑥𝑝 (
−16000
𝑇
)𝐶𝐶𝑂𝐶𝑂2
0.5 [39] 
𝐶𝑂 + 𝐻2𝑂 → 𝐶𝑂2 + 𝐻2 𝑟2 = 5.159 × 10
15𝑒𝑥𝑝 (
−3430
𝑇
)𝑇−1.5𝐶𝑂2𝐶𝐻2
1.5 [39] 
𝐶𝑂 + 3𝐻2 ↔ 𝐶𝐻4 + 𝐻2𝑂 𝑟3 = 3.552 × 10
14𝑒𝑥𝑝 (
−15700
𝑇
)𝑇−1𝐶𝑂2𝐶𝐶𝐻4  [39] 
𝐻2 + 0.5𝑂2 → 𝐻2𝑂 𝑟4 = 2780𝑒𝑥𝑝 (
−1510
𝑇
) [𝐶𝐶𝑂𝐶𝐻2𝑂 −
𝐶𝐶𝑂2𝐶𝐻2
0.0265𝑒𝑥𝑝 (
3968
𝑇 )
] [39] 
𝐶𝐻4 + 2𝑂2 → 𝐶𝑂2 + 2𝐻2𝑂 𝑟5 = 3.0 × 10
5𝑒𝑥𝑝 (
−15042
𝑇
)𝐶𝐻2𝑂𝐶𝐶𝐻4  [39] 
Heterogeneous Reactions:  
𝐶 + 0.5𝑂2 → 𝐶𝑂 𝑟6 = 596𝑇𝑃𝑒𝑥𝑝 (
−1800
𝑇
) [39] 
𝐶 + 𝐶𝑂2 → 2𝐶𝑂 𝑟7 = 2082.7𝑒𝑥𝑝 (
−18036
𝑇
) [39] 
𝐶 + 𝐻2𝑂 → 𝐶𝑂 + 𝐻2 𝑟8 = 63.3𝑒𝑥𝑝 (
−14051
𝑇
) [39] 
3.4.Model Expansion for MSW 
In the above sub-section the mathematical treatment for the devolatilization phenomenon 
was purposely not address. The reason why being that the devolatilization section was only 
properly included when the model was expanded to handle the heterogeneity of MSW. 
Until that point, a single rate model, developed by Badzioch and Hawsley [40], was 
assumed which computed reliable devolatilization rates in a simple way. 
To cope with the heterogeneity of said substrate a pyrolysis model with secondary tar 
generation was implemented. MSW is mainly composed by cellulosic and plastic 
components, and while cellulosic material can be divided in cellulose, hemicellulose and 
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lignin [34], plastics are comprised of polyethylene, polystyrene, and polypropylene, among 
others. To distinguish the several components that comprise the MSW, the pyrolysis 
reactions of cellulosic and plastic groups are considered individually and following an 
Arrhenius kinetic expression, as shown in Table 3.3.  
Table 3.3 - Devolatilization model. 
Reactions Reaction Rate Ref. 
𝐶𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒 → 𝛼1𝑣𝑜𝑙𝑎𝑡𝑖𝑙𝑒𝑠 + 𝛼2𝑇𝐴𝑅 + 𝛼3𝑐ℎ𝑎𝑟 𝑟9 = 𝐴𝑖𝑒𝑥𝑝 (
−𝐸𝑖
𝑇𝑠
) (1 − 𝑎𝑖)
𝑛 [39] 
𝐻𝑒𝑚𝑖𝑐𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒 → 𝛼4𝑣𝑜𝑙𝑎𝑡𝑖𝑙𝑒𝑠 + 𝛼5𝑇𝐴𝑅 + 𝛼6𝑐ℎ𝑎𝑟 𝑟10 = 𝐴𝑖𝑒𝑥𝑝 (
−𝐸𝑖
𝑇𝑠
) (1 − 𝑎𝑖)
𝑛 [39] 
𝐿𝑖𝑔𝑛𝑖𝑛 → 𝛼7𝑣𝑜𝑙𝑎𝑡𝑖𝑙𝑒𝑠 + 𝛼8𝑇𝐴𝑅 + 𝛼9𝑐ℎ𝑎𝑟 𝑟11 = 𝐴𝑖𝑒𝑥𝑝 (
−𝐸𝑖
𝑇𝑠
) (1 − 𝑎𝑖)
𝑛 [39] 
𝑃𝑙𝑎𝑠𝑡𝑖𝑐𝑠 → 𝛼10𝑣𝑜𝑙𝑎𝑡𝑖𝑙𝑒𝑠 + 𝛼11𝑇𝐴𝑅 + 𝛼12𝑐ℎ𝑎𝑟 𝑟12 = [∑𝐴𝑖𝑒𝑥𝑝 (
−𝐸𝑖
𝑅𝑇
)
𝑛
𝑖=1
] 𝜌𝑣 [39] 
𝑃𝑟𝑖𝑚𝑎𝑟𝑦 𝑇𝐴𝑅 → 𝑣𝑜𝑙𝑎𝑡𝑖𝑙𝑒𝑠 + 𝑆𝑒𝑐𝑜𝑛𝑑𝑎𝑟𝑦𝑇𝐴𝑅 𝑟13 = 9.55 × 10
4𝑒𝑥𝑝 (
−1.12 × 104
𝑇𝑔
)𝜌𝑇𝐴𝑅1 [39] 
3.5.Numerical Procedure 
Fluent, a finite volume method based CFD solver, was employed in this work to solve the 
stated problem. Regarding the geometry modelling there are some simplifications that one 
can make in order to make the computation less expensive. Since the described reactor type 
is cylindrical, one can use a 2D axisymmetric problem setup. Figure 3.1. displays the 
reactor schematics. 
Mesh was built using GAMBIT software and the size of the cell in both the x- and y-
directions was specified with a 1:1 ratio. The time step was decreased with decreasing cell 
size to help maintain numerical stability. To select the optimum number of cells, grid 
independence studies were performed. 
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 Figure 3.1 - Gasifier schematics. 
The simulations are carried out on 4 different grids with increasing grid density in order to 
ensure a grid-independent solution. Table 3.4 displays the main mesh characteristics. 
Molar fraction compositions for CH4, CO, CO2 and H2 at gasifier outlet are compared for 
the described grids. The grid-independent solution is illustrated in Figure 3.2.  
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Table 3.4 - Mesh characteristics. 
Mesh 𝑥 × 𝑦 Number of Elements 
1 80 x 664 53,120 
2 90 x 747 67,230 
3 100 x 830 83,000 
4 110 x 913 100,430 
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Figure 3.2 - Grid independence study for the described meshes. 
The simulation results for the various meshes are found to be in good agreement with each 
other. As can be seen, the grids exceeding 83,000 cells reveal a variation in parameter 
convergence less than 3%. Consequently, the grid with 83,000 cells is recommended to use 
for accurate calculations. Unsurprisingly, the chosen cell size was about twelve times larger 
than the average particle size which was shown to be able to effectively capture the 
hydrodynamics in fluidized bed gasifier [41]. 
In order to avoid poor convergence, an unsteady model was used with a time step size of 
1.0
-4
s and the gasification time of the biomass was resolved by 400,000 time steps. 
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In such a complex model is sometimes difficult to define a good initial condition. For this 
reason, the process was first simulated considering only flow and non-reacting heat transfer 
(also known as “cold flow”) and after reaching conversion reactive multiphase flow was 
added. 
Substrate and air inlet were defined as “velocity inlets”. Each velocity-inlet surface was 
identified by mass fractions, temperature, and a velocity magnitude. The flow direction was 
kept normal to the surface. Turbulence of the inlet surfaces were detailed by turbulence 
intensity and hydraulic diameter. Outlet was set as the pressure outlet, specified by a gauge 
pressure value of zero.  
For the pressure–velocity coupling, the widely used SIMPLE algorithm was enabled. For 
all simulations presented in this paper, a First Order Upwind Scheme was used for all 
equations. The Standard scheme was used for interpolation methods of pressure. This 
means that the solution approximation in each finite volume was presumed to be linear, 
leading to less computational expenses. In order to properly justify using a first order 
scheme, it was necessary to make sure that the grid used in this work had adequate 
resolution to accurately capture the physics occurring within the domain. In other words, 
the results needed to be independent of the grid resolution. Nonetheless, for better accuracy, 
this was later changed to the second-order upwind scheme.  
Similarly, the under-relaxation factors were initially set at 0.5 (except for turbulent 
viscosity, pressure, and body forces, which were kept the same as default), and were then 
gradually conveyed to their default values with convergence. Convergence criteria were set 
that normalized residuals for all equations must fall under 10
-6
. 
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4. Thermodynamic Methodology 
Thermodynamic analyses are used to evaluate how energy streams affect the overall 
performance of a given system. Through mathematical models, these analyses can help 
determining the effects of parameters on the system’s optimal operating point. In this 
particular study the goal is to use first and second law analysis to improve MSW 
conversion from an efficiency and ecofriendly standpoint. In order to simplify the analysis 
the following assumptions were made [42]: 
 Steady State; 
 Kinetic and potential energy ignored; 
 Ideal gas principles apply for the gases; 
 Syngas is only formed with H2, CO, CO2, N2, CnHm and it is at chemical 
equilibrium; 
 Heat losses from the components are neglected; 
 T0 is 25 ºC and P0 101.325 kPa; 
 Ash residues are negligible; 
 Gasifier is isothermal and at equilibrium condition. 
4.1.Energy Analysis 
The overall energy balance can be expressed as the total energy input rate equal to total 
energy output rate (Ein = Eout), with all energy terms being: 
?̇? + ∑?̇?𝑖𝑛ℎ𝑖𝑛 = ?̇? + ∑?̇?𝑜𝑢𝑡ℎ𝑜𝑢𝑡                                                                                        (4.1) 
Where ?̇? is the heat rate, ?̇? is the work rate and h is the specific enthalpy. Applying this 
concept to the current study, energy transferred as heat can be written as: 
?̇?𝑀𝑆𝑊 + ?̇?ℎ𝑒𝑎𝑡𝑒𝑑 𝑎𝑖𝑟 = ?̇?𝑠𝑦𝑛𝑔𝑎𝑠 + ?̇?𝑡𝑎𝑟 + ?̇?𝑠𝑦𝑠𝑡𝑒𝑚                                                                (4.2) 
 29 
 
The fuel’s energy input can be calculated as: 
?̇?𝑀𝑆𝑊 = ?̇?𝑀𝑆𝑊 × 𝐿𝐻𝑉𝑀𝑆𝑊                                                                                                           (4.3) 
Where LHV is the lower heating value and ?̇?𝑀𝑆𝑊 is the mass flow rate for MSW.  As long 
as there is no condensation occurring, the power of supplied air can be given by: 
?̇?𝑎𝑖𝑟 = ?̇?𝑎𝑖𝑟 ∑𝑤𝑗
𝑗
1
𝑐𝑝,𝑗(𝑇 − 𝑇0)                                                                                                  (4.4) 
Where 𝑤𝑗 is the mass fraction and 𝑐𝑝,𝑗 the specific heat of a component, T and T0 represent 
preheat gas temperature and ambient temperature, respectively. To calculate the energy 
associated with the produced syngas one can use: 
?̇?𝑠𝑦𝑛𝑔𝑎𝑠 = ?̇?𝑠𝑦𝑛𝑔𝑎𝑠 × 𝐿𝐻𝑉𝑠𝑦𝑛𝑔𝑎𝑠                                                                                                 (4.5) 
Similarly, tar content energy can be obtained by simply: 
?̇?𝑡𝑎𝑟 = ?̇?𝑡𝑎𝑟 × 𝐿𝐻𝑉𝑡𝑎𝑟                                                                                                                   (4.6) 
So, in order to calculate the cold gas energy efficiency one can simply put it: 
𝜂𝑐𝑜𝑙𝑑𝑔𝑎𝑠 =
?̇?𝑠𝑦𝑛𝑔𝑎𝑠
?̇?𝑀𝑆𝑊 + ?̇?𝑎𝑖𝑟
                                                                                                               (4.7) 
4.2.Exergy Analysis 
Exergy analyses are far superior to energetic ones, since energetic analyses do not take into 
consideration irreversibilities that occur in every thermodynamic process. In this work the 
same methodology to calculate exergy used by Zhang et al. [43] was employed. Exergy rate 
can be defined by the sum of the chemical exergy rate and the physical exergy rate: 
𝐸𝑥 = 𝐸𝑥𝑐ℎ + 𝐸𝑥𝑝ℎ                                                                                                                         (4.8) 
Where the chemical and physical exergy can be written, respectively as: 
𝐸𝑥𝑐ℎ = ∑𝑛𝑖
𝑖
(𝑒0𝑖 + 𝑅𝑇0𝑙𝑛
𝑛𝑖
∑𝑛𝑖
)                                                                                              (4.9) 
 30 
 
𝐸𝑥𝑝ℎ = ∑𝑛𝑖
𝑖
[(ℎ − ℎ0) − 𝑇0(𝑠 − 𝑠0)]                                                                                   (4.10) 
Where 𝑛𝑖 is the molar yield of gas component i (mol/kg), R is the ideal, or universal, gas 
constant and e0i is the standard chemical exergy of a pure chemical compound i and it can 
be found in [43]. Also, s and h are entropy and enthalpy of a system at given temperature 
and pressure, and h0 and s0 are enthalpy and entropy of a system at the environmental 
temperature and pressure, respectively.  
In order to calculate the exergy of MSW with less complexity, taking into account its 
heterogeneous, the introduced correlation by Szargut and Styrylska [44] was used: 
𝐸𝑥𝑀𝑆𝑊 = ?̇?𝑀𝑆𝑊𝛽𝐿𝐻𝑉𝑀𝑆𝑊                                                                                                         (4.11) 
The formula of correlation factor β is given by: 
𝛽 =
1.0412 + 0.2160 (
𝐻
𝐶) − 0.2499 (
𝑂
𝐶) [1 + 0.7884 (
𝐻
𝐶)] + 0.0450 (
𝑁
𝐶)
1 − 0.3035 (
𝑂
𝐶)
               (4.12) 
Where O, C, H and N are the weight fractions of oxygen, carbon, hydrogen and nitrogen in 
the MSW, respectively. 
Similarly, in this work the tar chemical exergy is simulated with help of another correlation 
for liquid fuels [45]: 
𝐸𝑥𝑡𝑎𝑟 = ?̇?𝑡𝑎𝑟𝐿𝐻𝑉𝑡𝑎𝑟 (1.0401 + 0.1728 (
𝐻
𝐶
) + 0.0432 (
𝑂
𝐶
)
+ 0.2196 (
𝑆
𝐶
) [1 − 2.0628 (
𝐻
𝐶
)])                                                                (4.13) 
Using the previous equations the exergy balance simply becomes: 
∑𝐸𝑥𝑖𝑛
𝑖𝑛
= ∑𝐸𝑥𝑜𝑢𝑡
𝑜𝑢𝑡
+ 𝐼 ̇                                                                                                           (4.14) 
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𝐼 ̇ Represents the internal exergy destruction rate due to irreversibility (unlike energy, 
exergy can actually be destroyed). The in and out subscripts stand for inlet and outlet, 
respectively. 
Using the same principal as in the energy analysis, syngas exergy efficiency can be 
calculated as being: 
𝜀𝑠𝑦𝑛𝑔𝑎𝑠 =
𝐸𝑥𝑠𝑦𝑛𝑔𝑎𝑠
𝐸𝑥𝑀𝑆𝑊 + 𝐸𝑥𝑎𝑖𝑟
                                                                                                         (4.15) 
Similarly, tar content exergy efficiency can be written as: 
𝜀𝑡𝑎𝑟 =
𝐸𝑥𝑡𝑎𝑟
𝐸𝑥𝑀𝑆𝑊 + 𝐸𝑥𝑎𝑖𝑟
                                                                                                               (4.16) 
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5. Results and Discussion 
5.1.Model Validation 
5.1.1. Validation for Semi-Industrial Conditions 
The numerical model presented in Chapter 3 is the result of continuous improvement on the 
described set of phenomena that includes fluid flow, heat transfer, and chemical reactions 
necessary for modeling the gasification process. At the same time, the software related 
parameters have been optimized to mimic similar conditions to those found in experimental 
activities and thus obtaining more realistic results. 
The model was first applied to the study of Portuguese biomass gasification [46]. To 
validate the numerical model a wide range of operational conditions were tested in the 
described plant for several Portuguese biomass substrates. Table 5.1 shows 9 operating 
conditions for 3 distinct substrates (representing just a fraction of the overall conducted 
runs used to validate the numerical model).  
Table 5.1 - Operating conditions for validation proposes. 
Experimental Conditions Forest Residues Coffee Husk  Vines Pruning 
Run 1 2 3 4 5 6 7 8 9 
Temperature (ºC) 815 815 790 815 790 790 790 790 815 
Admission Biomass (kg/h) 63 74 63 28 28 41 25 55 55 
Air Flow Rate (Nm
3
/h) 94 98 98 75 72 80 52 40 40 
Test Results          
Syngas NHV (MJ/Nm
3
) 5.16 5.02 4.93 3.34 3.20 3.07 1.99 3.46 4.02 
Cold Gasification Efficiency 0.41 0.30 0.37 0.60 0.47 0.42 0.55 0.45 0.49 
Figure 5.1 compares modeled and measured gas composition for the described operating 
conditions. Presented results show that the developed numerical model has the ability to 
predict the obtained synthetic gas composition within a satisfactory margin of error of 20%, 
commonly found in similar studies [47]. The biggest deviation was observed for CH4, 
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which was expected since smaller fractions tend to produce higher relative errors. 
Furthermore, all light hydrocarbons and tar can lump into CH4, which can explain the 
disagreement sometimes found [46].  
 
Figure 5.1 - Comparison between modeled and measured syngas composition for biomass substrates. 
In order to further validate the numerical model, the temperature distribution inside the 
reactor was studied using the three thermocouples previously mentioned. A comparison 
between the numerical model and experimental results is displayed in Table 5.2. 
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Table 5.2 - Temperature distribution for experimental and numerical results (Runs 1, 4 and 7 from Table 5.1). 
Runs Type T1 T2 T3 
1 
Numerical 822 620 468 
Experimental 815 596 450 
4 
Numerical 835 603 465 
Experimental 815 581 440 
7 
Numerical 812 607 455 
Experimental 790 568 422 
T1, T2 and T3 are located at 1.70, 2.50 and 3.85 m from the bottom. From the view point of 
the oxidizer, several stages can be differentiated: drying, devolatilization, volatile matter 
combustion and char gasification.  Since there are only 3 thermocouples, it is impossible to 
determine where each reaction zone can be found, but since the first thermocouple is 
located 1.70 m above the air inlet, it is safe to assume that most stages are completed at that 
point and that gasification is the only process remaining. Therefore, it comes with no 
surprise that the temperature inside the reactor appears to drop almost linearly until it 
reaches syngas outlet, which can be attributed to exothermic reactions (namely combustion) 
occurring near the biomass inlet  and producing heat, and then through the reactor length 
the heat is being consumed by the gasification reactions. Even though no results for 
temperature distribution in a pilot scale up-flow atmospheric fluidized bed gasifier can be 
found in the literature, the findings from the very scarce sources available on the subject 
show consistency with obtained results [48, 49]. 
Overprediction in the temperature profile can be caused by considering the particle phase as 
continuum, leading to calculation errors for mass and energy transfers between phases, 
which were also found in the literature [50]. 
As previously mentioned, the model had to undergo a restructuring on the devolatilization 
section in order to cope with the heterogeneity of MSW [51]. Ideally one would like to 
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validate the new upgraded model with the experimental set-up used earlier. However, due 
to unfortunate logistical and bureaucratic setbacks this was not possible. To work around 
the problem it was decided to validate the upgraded model using data collected from the 
literature [52]. Table 5.3 shows the operating conditions for 9 experimental runs used to 
validate the numerical model. 
Table 5.3 - Operating conditions for the experimental gasification runs. 
Run 1 2 3 4 5 6 7 8 9 
Temperature (ºC) 493 705 602 507 687 593 516 691 507 
MSW Admission (kg/h) 2.3 3 3 3 4 4 4 6 6 
ER 0.5 0.4 0.4 0.4 0.3 0.3 0.3 0.2 0.2 
Preheated Air (ºC) 290 352 296 281 352 307 282 352 279 
Figure 5.2 matches the composition of obtained gas that is estimated by the model with that 
measured in the experiments. Comparison between Figures 5.1 and 5.2 shows that the 
upgrade done to the model allowed a more complex system to perform in a similar fashion 
and in some cases to predict syngas composition slightly better. This was due to a more 
realistic devolatilization model and the inclusion of light hydrocarbons. Nevertheless, some 
differences can be observed due to some simplifying assumptions followed by the model, 
which are explained in detail in [46]. 
Having a model not only able to correctly predict trends but also the overall compositions, 
gives the user the ability to forecast scenarios while minimizing costs. This can become 
extremely time-efficient since it can eliminate or at least greatly diminish the necessary 
experimental runs with all the bureaucratic and logistical problems associated with it. 
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Figure 5.2 - Comparison between modeled and measured syngas composition for MSW. 
5.1.2. Validation for Laboratory Conditions 
To validate the use of the developed model in the study of the scale-up phenomenon, it is 
necessary to evaluate its performance under laboratorial and pilot scale experimental 
conditions. Accordingly, the numerical model was first validated using experimental results 
(Figure 5.1) collected from the performed runs. Since no results were gathered in 
laboratorial scale reactor data available in the literature was needed. The work from 
Campoy et al. [53] was used to validate the model in laboratorial scale conditions since 
extensive information not only on the gasification process and biomass substrate used but 
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also regarding reactor geometry, necessary to build the numerical model, was available. 
Table 5.4 shows the gasification conditions selected for the model validation. 
Table 5.4 - Experimental gasification conditions used for the model validation. 
Gasification 
Run 
Biomass 
feeding rate 
(kg/h) 
Flux of air 
(Nm
3
/h) 
Oxygen flow 
rate (Nm
3
/h) 
Steam flow rate 
(kg/h) 
Gasification 
Temperature 
(ºC) 
1 12.2 17.0 0.0 2.5 804 
2 12.2 17.0 0.0 5.1 789 
3 15.0 17.0 0.0 3.2 786 
4 10.0 9.1 1.2 5.6 790 
5 16.2 10.6 1.4 4.7 781 
6 12.0 7.7 1.0 6.5 765 
Syngas molar fractions for both experimental and numerical results are depicted in Figure 
5.3. 
 
Figure 5.3 - CFD and experimental molar fractions for the 6 gasiﬁcation runs deﬁned in Table 5.4. 
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Results from the numerical model show a very reasonable agreement with the experimental 
data at laboratory scale reactor. Similar errors were found for additional runs. Again, 
variation can be explained due to the complexity of a gasification system. In depth analysis 
on the presented results can be seen in [53]. Range of errors between laboratory-scale and 
industrial was quite similar. 
5.2.Assessment of Operational Conditions 
After validating the numerical model and reaffirming the reliance on experimental results, 
it is now possible to study the influence of several operating parameters on the final 
composition of the gas produced in pilot scale conditions. 
5.2.1. Effect of Equivalence Ratio  
Equivalence ratio is one of the most significant parameters which have effect on the 
gasification process including syngas composition. ER is the ratio of the actual air/fuel ratio 
to the stoichiometric air/fuel ratio. The ratio was kept between 0.15 and 0.35 since all of the 
experiments conducted to validate the model fell in this range and also because the ER 
values most suitable for gasification range between 0.2 and 0.4. The model predictions 
about the influence of ER on syngas molar fraction and hydrogen yield are shown in Figure 
5.4.  
It can be observed that when ER rose, the CO2 content increased, while CO and H2 content 
decreased. With an increase in O2 content combustion reactions (that consume CO and H2 
to produce CO2) will be promoted, since O2 is more reactive to carbon than steam or CO2. 
Although to a smaller degree, ER negatively affects CnHm content by enhancing steam 
reactions at higher temperatures leading to methane decomposition [54]. 
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Figure 5.4 - Influence of ER on syngas molar fraction and hydrogen yield. Dry and N2-free basis. (Operating 
conditions: Temperature - 700 ºC; MSW admission - 25 kg/h). 
Increasing ER by raising the air flow rate also causes more N2 to enter the reactor, causing 
the produced gas to be more diluted in N2 and a poorer gas. The fact that CO and H2 content 
decrease with ER can also be explained by a shorter residence time, seeing that, as air flow 
rate increases, it is no longer sufficient for CO and H2 formation reactions to occur.  The 
influence of ER on tar content and gas yield is shown in the Figure 5.5. A decrease in tar 
release around 68 % with the rise of ER to 0.35 is observed. Gas yield on the other hand 
increased with the rise of ER. Oxidation reactions are exothermic and therefore lead to an 
increase in temperature inside the reactor. This increase in temperature enhances steam 
reforming reactions, which in turn promote carbon conversion [55]. This leads to increase 
in gas yield, which is known for improving tar decomposition. 
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Figure 5.5 - Influence of ER on tar content and gas yield. Dry and N2-free basis. (Operating conditions: 
Temperature - 700 ºC; MSW admission - 25 kg/h). 
5.2.2. Effect of Steam to Biomass Ratio 
As the gasification medium is a very important parameter in governing the gas yield and 
composition, the effect of using steam instead of air was also studied. The steam to biomass 
ratio is defined as the steam mass flow rate divided by the biomass mass flow rate in dry 
basis. The use of steam as a gasifying agent increases the partial pressure of H2O inside the 
gasification reactor which favors the water gas, water-gas shift and steam reforming 
reactions, leading to increased H2 production [56]. The SBR was varied over a range of 
values from 0 to 1.5 by holding the other variables constant. This range was selected based 
on previous findings from our research team using the same facilities but for a different 
biomass substrate. Figure 5.6 shows the syngas molar fractions as a function of the SBR. 
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Figure 5.6 - Influence of SBR on syngas molar fraction and hydrogen yield. Dry and N2-free basis. (Operating 
conditions: Temperature - 700 ºC; MSW admission - 25 kg/h). 
The presence of steam in gas-phase reactions will mostly favor char and tar steam 
reforming as well as water-gas shift reaction, which in turn will lead to an increase in CO2 
and H2 content at the expense of CO and CnHm. In fact water-gas shift reaction will be the 
dominant reaction and CO will be consumed to produce CO2 and H2. These results are 
consistent with the current literature [55]. 
Moreover, it can be found from Figure 5.7 that with the introduction of steam, tar content 
remarkably decreases, which is attributed to steam reforming of the tar with an increased 
partial pressure of steam. This promotion of the steam reforming reactions led to a rapid 
increase of dry gas yield as shown in the Figure 5.7, which agrees with the reduction of tar. 
The results obtained agree with those found in literature [57, 58]. 
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Figure 5.7 - Influence of SBR on tar content and gas yield. Dry and N2-free basis. (Operating conditions: 
Temperature - 700 ºC; MSW admission - 25 kg/h). 
5.2.3. Effect of Carbon Dioxide to MSW Ratio 
Although poorly studied, the addition of carbon dioxide as a gasifier agent has been 
showing promising results. Not only uses an unwanted end product of various industrial 
processes instead of steam (which is becoming an increasingly rarer resource) but also 
enhances both char gasification and pyrolysis and has the ability to act as a catalyst 
enhancing thermal cracking of volatiles leading to tar mitigation.  
The effect of carbon dioxide as a gasifying agent was studied using CO2-to-MSW ratio 
(which we will refer from now on “CDMR” for simplicity). The CDMR was varied over a 
range of values from 0 to 1 by holding the other variables constant. To the best of our 
knowledge this ratio is yet to be addressed in the current literature, although some work has 
been made using CO2-to-biomass [59-61]. Figure 5.8 shows the syngas molar fractions as a 
function of CDMR. 
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Figure 5.8 - Influence of CDMR on syngas molar fraction and hydrogen yield. Dry and N2-free basis. 
(Operating conditions: Temperature - 700 ºC; MSW admission - 25 kg/h). 
Results show that increasing CDMR leads to higher levels of CO and CO2 and lower levels 
of H2 and CnHm. This is explained by higher CO2 content mainly promoting Boudouard and 
reverse water-gas shift reactions which leads to CO content increasing while H2 decreases. 
CnHm molar fraction slightly decreases due to being consumed via CH4 reforming to 
produce CO and H2 [62]. CO2 content increases since a considerable fraction of the 
gasifying agent leaves the reactor unreacted. 
CO2 addition is also responsible for decreasing one of the major concerns related to MSW 
gasification, tar formation [63]. Figure 5.9 shows CDMR influence on tar content and gas 
yield. 
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Figure 5.9 - Influence of CDMR on tar content and gas yield. Dry and N2-free basis. (Operating conditions: 
Temperature - 700 ºC; MSW admission - 25 kg/h). 
Results show that increasing CDMR positively influences the gas yield and negatively 
influences the tar content. Since CO2 addition enhances both char gasification and 
pyrolysis, which leads to increase in carbon conversion, gas yield is expected to increase. 
The catalyst effect of CO2 enhances thermal cracking of volatiles leading to a substantial 
decrease in tar content. In fact, some authors found tar mitigation up to 50% when CO2 was 
added [64]. 
Despite no results in the literature were found for MSW, those available for biomass are in 
agreement with the obtained results [59-61]. Since the municipal wastes considered consist 
of over 85% of cellulosic material is safe to say that the trends for MSW will be similar to 
the biomass. 
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5.2.4. Effect of Reactor Temperature 
Gasification temperature is one of the most influential factors affecting the product gas 
composition and respective properties. The main reactions of the gasification process are 
endothermic and thus strengthened by increasing temperature. Since the water gas, water 
gas shift, steam reforming and Boudouard reactions occur simultaneously, the contents and 
ratios of H2, CO, CO2 and CnHm in the product gas are affected by temperature and partial 
pressures of reactants. As shown in Figure 5.10, higher temperatures considerably resulted 
in higher H2 contents. 
At temperatures above 750 °C, the endothermic nature of the H2 production reactions 
(steam reforming and water-gas reactions) results in an increase in H2 content and a 
decrease in CnHm content with an increase in temperature. At temperatures above 850 °C, 
both steam reforming and the Boudouard reactions dominate, resulting in increases in CO 
content. It can be concluded that Boudouard reactions, carbon gasification reaction, 
together with the secondary cracking reactions of tar, were the main factors responsible for 
the increase in H2 and CO contents.   
Moreover, high temperature also favors destruction and reforming of tar leading to a 
decrease in tar content and an increase in gas yield because of higher conversion efficiency 
as it can be observed in the Figure 5.11. The results obtained are also confirmed in the 
literature [65, 66]. 
 46 
 
Gasification Temperature, ºC
700 800 900
M
o
la
r 
F
ra
c
ti
o
n
, 
%
0
10
20
30
40
50
60
H
yd
ro
g
e
n
 Y
ie
ld
, 
g
/ 
k
g
 M
S
W
30
40
50
60
70
80
90
CO2
H2
CnHm
CO
H2 Yield
 
Figure 5.10 - Influence of temperature on syngas molar fraction and hydrogen yield. Dry and N2-free basis. 
(Operating conditions: ER - 0.25; SBR - 1; CDMR - 0.4; MSW admission - 25 kg/h). 
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Figure 5.11 - Influence of temperature on tar content and gas yield. Dry and N2-free basis. (Operating 
conditions: ER - 0.25; SBR - 1; CDMR - 0.4; MSW admission - 25 kg/h). 
 
 47 
 
5.2.5. Effect of Catalysts for MSW Gasification 
The use of catalysts in biomass gasification may not be essential, but it can help under 
certain conditions being the tar formation one of the major issues. In fact, during MSW 
gasification process tar is formed and some catalysts can be used to eliminate or at least 
greatly diminished the tar produced. The choice of a catalyst for reforming reactions is to 
be made keeping in mind their purpose and practical use. Earth metal catalysts such as 
dolomite had attracted much interest in this regard, because it is inexpensive and abundant 
and can notably reduce the tar content of the product gas from a gasifier [67]. Ni-based 
catalysts are highly effective as a reforming catalyst for reduction of tar as well as for 
correction of the CO/H2 ratio through methane conversion. Nickel is relatively inexpensive 
and commercially available though not as cheap as dolomite. Simulations were performed 
considering 3 different scenarios: no catalyst, using dolomite and using NiO catalyst such 
as in Jingbo et al. [55]. Figure 5.12 shows this comparison for ER equal to 0.25, SBR equal 
to one and CDMR equal to 0.4. 
As far as the composition of the produced gases is concerned, hydrogen remarkably 
increases (the production is more than twice and three times using dolomite or NiO/MD, 
respectively). NiO/MD led to the lowest hydrocarbons (CnHm), with reductions around 50 
%, and to the highest H2 contents. Both of these factors indicate that dolomite and NiO/MD 
are active for tar destruction but not for methane reforming, as is to be expected. There is 
also an increase in the production of CO and the decrease of CO2. 
Dolomite usually shows some catalytic effect in promoting hydrocarbons destruction by 
cracking reactions, steam reforming reactions and CO2 reforming reactions. Thus, CO and 
H2 contents are expected to increase, as shown in Figure 5.13.  
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Figure 5.12 - Influence of catalyst type on syngas molar fraction and hydrogen yield. Dry and N2-free basis. 
(Operating conditions: ER - 0.25; SBR - 1; Temperature - 700 ºC; CDMR - 0.4; MSW admission - 25 kg/h). 
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Figure 5.13 - Influence of temperature on tar content and gas yield. Dry and N2-free basis. (Operating 
conditions: ER - 0.25; SBR - 1; Temperature - 700 ºC; CDMR - 0.4; MSW admission - 25 kg/h). 
 
 49 
 
Figure 5.13 shows the results obtained under the same conditions save for the nature of the 
bed inventory material. A remarkable difference in the results is immediately apparent 
when some catalyst is introduced in the reactor bed: the production of gas increases by 
more than 20 % using dolomite and by more than 30 % using NiO/MD, with a 
consequential and also remarkable reduction in tar content by 2 fold (dolomite) and 4 fold 
(NiO/MD). 
5.2.6. Effect of Biomass Substrate 
To assess the potential of Portuguese municipal residues a comparison was made with 3 
characteristic biomass substrates previously studied. Coffee husks [46], forest residues [68] 
and vines pruning residues [69] were studied using the described pilot-scale thermal 
gasiﬁcation plant, for which relevant energetic as well as economic benefits were found. 
Figure 5.14 shows the syngas molar fractions for all four fuels. 
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Figure 5.14 - Influence of substrate type on syngas molar fraction and hydrogen yield. Dry and N2-free basis. 
(Operating conditions: ER - 0.25; SBR - 1; Temperature - 700 ºC; CDMR - 0.4; MSW admission - 25 kg/h). 
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For this particular set of operating conditions coffee husks presents both the highest H2 and 
CnHm molar fractions, while forest residues presents both the highest CO and CO2 molar 
fractions. This can be explained by the chemical composition of each fuel. In fact, 
biomasses with a low C:H ratio and low O2 content are responsible for maximum H2 and 
CH4 yields while biomasses with low O2 content and high C:H ratio are responsible for 
maximum CO and CO2 yields. This is consistent with the work of Louw et al. [70]. 
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Figure 5.15 - Influence of substrate type on tar content and gas yield. Dry and N2-free basis. (Operating 
conditions: ER - 0.25; SBR - 1; Temperature - 700 ºC; CDMR - 0.4; MSW admission - 25 kg/h). 
Figure 5.15 shows the influence of substrate type on tar content and gas yield. Vines 
pruning presents both the highest gas yield and the lowest tar content while MSW presents 
both the lowest gas yield and the highest tar content. This can be explained by higher 
volatile content leading to an increase in residence time that in turn will favor gasification 
reactions which leads to a higher gas yield [71]. Moreover, promoting gas yield is known 
for improving tar decomposition. This is consistent with the literature on the subject [72]. 
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Since MSW has the lowest volatile content from the studied fuels [46], it comes with no 
surprise that it also presents the highest tar content. 
5.3.Syngas Quality Indices  
Syngas quality indices such as H2/CO and CH4/H2 ratios are very important for choosing 
the correct application for each produced syngas. For domestic purposes a higher CH4/H2 
ratio is preferable. For the chemical industry H2/CO ratio as well as the sum of H2 and CO 
gas percentages are two important measures of syngas quality [73]. A syngas with a high 
percentage of CO+H2 has strong reducing power, while a high value of the ratio H2/CO 
indicates a syngas useful for chemical syntheses [73]. In fact, H2/CO ratio higher than 1.70 
should be presented in syngas to make it useful for chemical industries to syntheses 
products such as methanol and virgin naphtha. Whereas such a ratio is easily obtained by 
gasifying methane, it is not possible by gasifying other wastes. Increase in H2/CO ratio can 
only be accomplished by an injection of water [73]. Figure 5.16 shows the influence of 
gasification temperature and ER on syngas CH4/H2 molar ratio. 
From Figure 5.16 is clear that CH4/H2 ratio sharply decreases with gasification temperature. 
This can be easily explained referring that, according to Le Chatelier´s principle, increasing 
temperature will promote higher levels of H2. And on the other hand, due to the 
strengthening of the endothermic steam-methane reactions a decrease in CH4 fraction is 
also expected. It is also clear that influence of gasification temperature diminishes with 
higher temperature simply because within the temperature range studied, decrease in CH4 is 
somewhat constant while at higher temperature endoenergetic reactions will favor CO 
formation instead of H2. This phenomenon will be further explained later in this section. 
Influence of ER on CH4/H2 ratio is very small since it decreases both species in the same 
way, although since H2 fraction is much larger is easy to detect smaller changes than CH4. 
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Since MSW intake virtually has no impact on CH4/H2 ratio no graph is presented on the 
subject. 
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Figure 5.16 - Syngas CH4/H2 molar ratio as a function of the temperature and air flow rate (MSW feeding rate 
= 25 kg/h). 
Figure 5.17 shows the influence of gasification temperature, ER and MSW admission on 
syngas H2/CO molar ratio. Figure 5.17a uses operating conditions MSW feeding rate equal 
to 25 kg/h while Figure 5.17b uses constant air flow (40 m
3
/h) to study gasification 
temperature and MSW admission. 
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Figure 5.17 - Syngas H2/CO molar ratio as a function of the temperature and a) air flow rate (MSW feeding 
rate = 25 kg/h) and b) MSW admission (operating conditions: Air flow rate = 40 kg/h). 
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From analyzing Figure 5.17 it can be seen that at low temperatures, gasification 
temperature has a positive influence on H2/CO ratio but at higher temperatures the opposite 
trend occurs. This is due to the fact that at low temperatures H2 production is enhanced by 
primary water-gas reaction as well as steam-methane reforming reactions while at higher 
temperatures primary water-gas as well as Boudouard reaction will favor more CO 
production. At the same time, by reverse water-gas shift reaction, H2 is actually converted 
to CO and a faster growth rate is observed in CO than H2. This is consistent with [74].  
A low ER ensures high syngas quality due to higher values of the combustible gases. 
Nevertheless, when the ER is too low, the gasification agent cannot supply enough oxygen 
to convert char into CO or CO2. Like was previous mentioned, increase in ER favors the 
partial combustion of char, CO and H2.  
As was to be expected MSW admission has a positive effect on H2/CO ratio simply because 
MSW admission barely has any effect on H2 fraction while having a negative effect on CO, 
and therefore affecting positively the H2/CO ratio. 
Even though data regarding similar operating conditions as well as reactor dimensions are 
very limited in the literature, results from both CH4/H2 and H2/CO indices appear to follow 
the common trend among them [52, 75, 76].  
Obviously results will always slightly diverge not only due to different gasifier geometries 
and operating conditions but, equally important, different MSW material properties.  
To complete the study on syngas quality and the gasification performance it is necessary to 
study both carbon conversion as well as cold gas efficiency. 
The carbon conversion defines the fraction of carbon from MSW converted to carbon in 
syngas composition. It gives an indication of the amount of unconverted material and 
provides a measure of chemical efﬁciency of the process. It can be given by: 
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𝐶𝑎𝑟𝑏𝑜𝑛 𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 =
12 × 𝑀
𝑋𝑐 × 𝑚
                                                                                                 (5.1) 
Where M is the total mole flow of carbon in the syngas components 𝑋𝐶 is the carbon 
fraction in the MSW and m is the MSW flow into the gasifier.  
CGE can be defined as the percentage of the heating value of MSW converted into the 
heating value of the product gas.  It can be computed as follows: 
𝐶𝐺𝐸 =
𝐺𝑎𝑠 𝑌𝑖𝑒𝑙𝑑 × 𝐻𝐻𝑉 𝑜𝑓 𝑆𝑦𝑛𝑔𝑎𝑠
𝐻𝐻𝑉 𝑜𝑓 𝐹𝑢𝑒𝑙 + 𝐻𝑒𝑎𝑡 𝐴𝑑𝑑𝑖𝑡𝑖𝑜𝑛
                                                                                  (5.2) 
Figures 5.18 and 5.19 describe the influence of gasification temperature as well as ER on 
CC and CGE, respectively.  
According to Figure 5.18 and 5.19, gasification temperature appears to have a positive 
effect on both carbon conversion and cold gas efficiency. Increase of CO and H2 content 
with temperature can explain this trend. At lower temperatures the system eﬃciency as well 
as carbon conversion showed a relatively small growth with rising temperature, because of 
the sustained decrease in CH4 molar fraction. This is consistent with [75, 76]. 
Increase on ER has negative effects in both carbon conversion and cold gas efficiency. This 
has to do with higher levels of CO2 being produced with ER. Also it is expected that CGE 
should decrease with ER since the combustible gases decrease with ER. 
According to Arena and Gregorio [77] the typical ranges of variation on process 
performance parameters in air or oxygen-enriched air gasification of municipal solid waste 
are: 90 to 99 % carbon conversion efficiency; 50 to 80 % cold gas efficiency; 4 to 7 
MJ/Nm
3
 syngas low heating value. It can be noted that all the results presented so far fall 
within the range. Again, some minor discrepancies may be found but the errors can be 
assumed as very reasonable for such a complex system.  
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Figure 5.18 - Carbon Conversion as a function of the temperature and air flow rate (operating conditions: Air 
flow rate = 40 kg/h). 
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Figure 5.19 - Cold Gas Efficiency as a function of the temperature and air flow rate (operating conditions: Air 
flow rate = 40 kg/h). 
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5.4.Thermodynamic Evaluation 
5.4.1. Energy Values 
Based on 1 kg MSW, the energy values of syngas and tar from air gasification at different 
gasification temperatures and ER values are calculated and analyzed. 
5.4.1.1.Syngas Energy Values 
The energy values of syngas components at various ER values are shown in Figure 5.20. As 
stated, by increasing ER, more active combustion reactions, such as the partial combustion 
of char, CO and H2 will occur leading to higher levels of CO2 and H2O at the cost of CO 
and H2 [78]. CnHm presents a very low molar fraction level and it decreases slightly with 
increase of ER due to strengthening of steam reforming reaction. N2 is expected to increase 
simply because additional air is entering the gasifier. 
 
Figure 5.20 - Energy values of gas components at various ER values. 
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From Figure 5.20 one can see that when ER was increased from 0.15 to 0.25 syngas total 
energy value increased from 13,507 kJ to 14,642 kJ and then decreased to 14,169 kJ when 
ER was further increased to 0.35. This can be explained by the initially increase in the gross 
heat of combustion contained in syngas when air is added due to conversion of solid 
carbon. At the solid carbon boundary, addition of further air leads to a decrease in the 
combustion energy and an increase in sensible energy of the gas. This is consistent with the 
current literature [43, 63].  
Current literature agrees that reactor temperature is one of the most influential factors 
affecting the product gas composition and related properties [79]. It is thus imperative to 
analyze its influence on syngas energy values as well.  
Figure 5.21 shows the effects of reactor temperature on the total syngas energy. Since 
syngas energy values are determined by its enthalpy and molar yield (as shown in chapter 
4) they are expected to increase with increasing temperature. In fact, when the reactor 
temperature was increased from 700 to 900 ºC the total energy of syngas increased from 
13,507 to 18,219 kJ. 
Comparing both parameters, one can see that the effect of reactor temperature on the total 
syngas energy (34.9 %) was much greater than that of ER (8.4 %). This is consistent with 
the current literature [39]. One can notice that energy values follow a similar pattern to that 
found for syngas composition. This has to do with energy values being determined by the 
temperature and yield of each individual gas component. 
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Figure 5.21 - Energy values of gas components at various reactor temperatures. 
5.4.1.2.Tar Energy Values  
Although attempts have been made to suppress tar production from the gasification process 
it is still one of the main concerns keeping the technology from being widely use and 
commercially successful. Because of this, it is a necessity to increase the efforts on 
studying this undesired by-product and ways to suppress or at least greatly diminished it.  A 
main absence can be found on the current literature for thermodynamic analysis of tar 
production, especially for industrial conditions. Figure 5.22 exhibits tar energy values at 
different reactor temperatures and ER values.  
Contrary to syngas, both gasification temperature and ER present the same trend when it 
comes to tar energy values. This is mainly due to increases in gasification temperature and 
ER leading to lower tar yields. Although higher gasification temperatures are known for 
increasing physical energy, a dramatically reduction in tar yield will lead to a decrease in 
the total physical energy of tar content. This decrease in tar yield was already explained and 
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it is due to the enhancement of tar cracking reaction at elevated temperatures. This is 
consistent with the current literature [80, 81]. 
 
Figure 5.22 - Energy values of tar content at various a) ER values and b) reactor temperatures. 
5.4.2. Exergy Values 
Based on 1 kg MSW, the exergy values of syngas and tar from air gasification at different 
gasification temperatures and ER values are calculated and analyzed. 
5.4.2.1.Syngas Exergy Values 
Following the sequence establish in the previous chapter, Figure 5.23 presents the exergy 
values of gas components at various ER values and temperatures. Regarding calculations, 
exergy values primarily differ from the energy values due to the inclusion of entropy.  
After careful examination, one can see that Figure 5.23 shares great similarities with 
Figures 5.20 and 5.21. In fact, exergy values are lower than energy values while sharing the 
same trends. This can be easily understood since both physical and chemical exergy values 
tend to be lower than the corresponding energy values. This is consistent with the current 
literature [78, 82]. Similarly to Figure 5.20, Figure 5.23a also presents a maximum value 
for ER = 0.25. According to Prins et al. [83], and clearly witness in the presented results, 
past this maximum ER value, both energy and exergy values decrease due to a decrease in 
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both chemical energy (and exergy) which is not fully compensated for by the increases in 
the physical energy (and exergy). 
 
Figure 5.23 - Exergy values of gas components at various a) ER values and b) reactor temperatures. 
Regarding influence of reactor temperature, when temperature was increased from 700 to 
900 ºC, exergy values went from 10,727 to 14,632 kJ (increase over 36 %). This is a clear 
statement on the effect gasification temperature has over ER, which only gained 6.3 % 
(from 10,727 to 11,407 kJ) when ER was increased from 0.15 to 0.25. 
5.4.2.2.Tar Exergy Values 
Figure 5.24 exhibits tar exergy values at various ER values and temperatures. When ER is 
increased from 0.15 to 0.35, exergy values decline from 1,611.75 to 663.61 kJ. Similarly, 
increase in gasification temperature leads to a drastic reduction in exergy values from 
1,611.75 to 307.40 kJ. These trends can be explained by the promotion of gas yield by both 
ER and gasification temperature leading to tar decomposition [84]. This is consistent with 
the current literature [80]. 
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Figure 5.24 - Exergy values of tar content at various a) ER values and b) reactor temperatures. 
5.4.3. Process Efficiency 
Most of the scientific community defines the efficiency of given process as the ratio of 
desired output over input. Regarding gasification process, its efficiency is usually defined 
by the cold gas efficiency. Despite being an important parameter it has some shortcomings, 
especially neglecting the energy in the unconverted char as well as the sensible heat of the 
produced gas and in particular, the increase in entropy due to conversion of a solid fuel into 
gaseous compounds [83]. Because of this it is imperative to also study exergy efficiencies 
since they avoid said drawbacks. Figure 5.25 shows the energetic and exergetic efficiencies 
of gas components and tar content at various ER values and reactor temperatures.  
After careful analysis one can see that both energy and exergy efficiencies follow the same 
trend presented by their respective values. This is expected since efficiency values are 
mostly determined by their energy/exergy values [80]. Efficiency based on LHV is higher 
than both exergy efficiencies. This was already addressed and is due to increase in entropy 
being disregarded in the energy efficiency. Obviously chemical and physical exergy based 
efficiency is higher than just chemical exergy based efficiency since physical exergy 
presents a positive value [85]. 
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Figure 5.25 - Comparison between gasification efficiencies at various a) ER values and b) reactor 
temperatures. 
Regarding ER influence on gasification efficiencies, when ER was increased from 0.15 to 
0.25 LHV based efficiency increased from 53.8 to 56.7 %, chemical exergy based 
efficiency rose from 43.7 to 45.8 % and chemical and physical exergy based efficiency 
increased from 48 to 50.9 %. After 0.25 all efficiencies decreased almost linearly. 
According to Double and Bridgwater [86], this point represents the optimum point of 
operation for an air-blown biomass gasifier, giving an excellent indication where the 
gasifier should operate to be at the highest efficiency level possible. This is consistent with 
the current literature [15, 83]. 
Reactor temperature influence on the other hand presents a very different tendency. In fact, 
when temperature was increased from 700 to 900 ºC, LHV based efficiency increased from 
53.8 to 73.8 %, chemical exergy based efficiency rose from 43.7 to 59.3 % and chemical 
and physical exergy based efficiency increased from 48 to 65.7 %. Indeed all studied 
efficiencies steadily rose within the studied range at a much higher rate when compared to 
ER. This is due to increase in gasification temperature promoting both endothermic 
reactions and gas yield. This is consistent with the current literature [15, 81]. 
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Tar exergy efficiencies follow a very close trend to tar exergy values presented in Figure 
5.24. Both ER and reactor temperature led to a drastically decrease in tar efficiency. When 
ER was increased from 0.15 to 0.35 tar efficiency decreased from 7.2 to 2.9 %. Conversely, 
when temperature was increased from 700 to 900 ºC tar efficiency decreased from 7.2 to 
1.4 %. This was already explained and has to do with the fact that higher gasification 
temperatures dramatically reduce tar yields. This is consistent with the current literature 
[80, 87]. 
To better understand the gasifier’s overall energy flow a Sankey diagram was created. 
These diagrams are great visualization process tools and in this particular case were used to 
map energy consumption and corresponding transformation from source (MSW and air) to 
end use (syngas and tar). Figure 5.26 displays the created Sankey diagram for the optimal 
set of operational conditions found in the thermodynamic analysis. 
Even with a simplified diagram one can clearly see the overall energy flow thus quickly 
identifying system’s efficiency (instead of power one could display the same diagram in 
terms of efficiency) and the overall losses. Ideally one would apply these diagrams to the 
entire plant to identify the sectors with the highest potential for improvement as well as 
identifying measures to reduce GHG emissions [88].  
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Figure 5.26 - Sankey diagram (Operational conditions: ER - 0.25; Gasification temperature - 900 ºC). 
5.5.Multi-Stage Optimization in a Pilot Scale Gasification Plant 
Optimized operation conditions for complex systems can be attained by using advanced 
combinations of numerical and statistical methodologies such as design of experiments and 
response surface methods [89, 90]. DoE deals with several factors where all of them are 
varied altogether, instead of one at a time [89]. The great advantage of implementing this 
strategy is its success to consider multiple interactions between the factors. Furthermore, it 
also significantly reduces the number of runs necessary to extract meaningful information 
from data. Few works are found in the literature devoted to the use of DoE and RSM to 
analyze and optimize the operating conditions in gasification related processes [91-95]. 
Carpenter et al. [91] performed a total of 22 statistically designed experimental conditions 
to study the effects of fluidized bed temperature, the temperature of the secondary thermal 
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cracker, and steam-to-biomass ratio on the gasification of four feedstocks. The authors 
concluded that there were significant differences between the feedstocks studied in terms of 
light gases formed. Karimipour et al. [92] applied RSM to the fluidized bed gasification of 
lignite coal considering as input factors coal feed rate, coal particle size and steam/O2 ratio 
and as responses the quality of syngas evaluated based on five indices including carbon 
conversion, H2/CO ratio, CH4/H2 ratio, gas yield, and gasification efficiency. They were 
able to find the best operating conditions to achieve syngas with a desired quality for 
different applications. To assess the combined effects of the operating variables on high-
pressure coal gasification, Fermoso et al. [93] used a face centered central composite 
design based on RSM. Results revealed the effects of interaction between the tested 
variables, which would not have been possible by a traditional method. Silva and Rouboa 
[94] combined a thermodynamic dual stage model with RSM to optimize both hydrogen 
generation and cold gas efficiency by using forest residues for gasification. By using the 
operational conditions and desirability functions they were able to find the optimal 
conditions to achieve considerable economical energy savings without reducing the 
hydrogen generation. Coetzer and Keyser [95] used the method of factorial experimental 
design on the input factors of interest from a full-scale test gasifier concerning the Sasol-
Lurgi coal gasification process. They developed empirical models (by using RSM) able to 
fit experimental data under different data sets. They concluded that the factorial 
experimental design combined with response surface analysis could be applied to a full-
scale production process.  
Because experimental runs conducted on industrial gasification plants or even on pilot scale 
gasification plants are very expensive, predictable models able to simulate the syngas 
composition and other responses of interest are required. Accurate predictions by 
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gasification models require the simulation of different kinetic and hydrodynamic 
phenomena while taking into account complex chemistry. There are few reports on the 
literature combining advanced statistical strategies with predictive models applied to 
gasification processes to find the most eﬃcient combination of process variables that might 
be used during normal operation. Even fewer reports are found considering strategies to 
ensure a sustainable gasiﬁer operability and throughput with minimal variations on the 
syngas generation (robust process) [47, 96]. Silva and Rouboa [47] coupled the results 
obtained from a 2D Eulerian–Eulerian biomass gasification model developed under the 
CFD framework with RSM to find the best operating conditions to generate syngas for 
different applications. Later, they proceed to do a multiple optimization coupling each one 
of the studied responses with the minimization of the error propagation. The authors were 
able to find the operation conditions that guaranteed both the best response and minimal 
variations caused by input factors. 
5.5.1. Empirical Model Validation 
Guidelines from good statistical practices suggest that an empirical model should be kept as 
simple as possible. Additional terms should be only included if they would be able to 
explain variation beyond what’s already accounted for [97]. A very expedite tool to select 
how far one should go on adding polynomial terms to the empirical model is the sequential 
model sum of squares. SMSS provides the p-values for the model’s term sources. Table 5.5 
depicts the SMSS results for hydrogen generation. Similar analysis was carried out for all 
the other studied responses. 
From Table 5.5, one can conclude that both linear (A, B and C) and quadratic (A
2
, B
2
 and 
C
2
) terms can explain the process variation showing the smallest p-values. The table also 
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depicts another statistical measure, the F value. Larger values of F imply more significant 
factors similarly to small p-values. When p-values are larger than 0.1 the terms are not by 
themselves considered as significant. The cubic terms are aliased so they should not be 
included. Quadratic model also includes linear and interaction terms (AB, BC, etc.), so this 
solution should be the one selected. 
Table 5.5 - Sequential model sum of squares (hydrogen generation). 
Source Sum of Squares F Value 
p-value 
Prob > F 
Mean vs Total 1539.22 
  
Linear vs Mean 586.25 466.92 < 0.0001 
2FI vs Linear 3.72 4.2 0.0185 
Quadratic vs 2FI 5.81 348.42 < 0.0001 
Cubic vs Quadratic 0.073 4.85 0.0127 
Residual 0.021 
  
Total 2135.09 
  
The development of the empirical model is based on Eulerian-Eulerian simulations under 
the CFD framework. Computer based simulations will always provide the same solution at 
certain operating conditions implying that the concept of replicates becomes meaningless. 
At these circumstances, the use of some statistical measures such as lack of fit do not bring 
any data of interest for analysis purpose. 
However, measures such as 𝑅2, 𝑅𝑎𝑑𝑗
2  and 𝑅𝑝𝑟𝑒𝑑
2
 are still useful. The 𝑅2 measures how well 
the model is able to fit correctly the experimental data or the computed based simulations 
as in the present case. The 𝑅2 value can sometimes be misleading causing overfitting the 
data. The 𝑅𝑎𝑑𝑗
2  counteracts this overfitting giving a more reliable tool to evaluate the data 
fitting quality. 
The 𝑅𝑝𝑟𝑒𝑑
2
 measures how well the model is able to re-fit the data when one point is missing. 
When these measures are close enough a high quality fit is expected. Table 5.6 shows the 
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result of these additional measures. 𝑅2 presents the highest value for the cubic model as 
expected. Indeed, adding additional terms will inflate the 𝑅2 value. Also, the cubic model is 
aliased so it cannot be considered as a feasible option. Once again, the quadratic model 
stands out as the most valuable option with considerable high values for all the 𝑅2 
measures. 
Table 5.6 - Model summary statistics. 
Source 𝑹𝟐 𝑹𝒂𝒅𝒋
𝟐  𝑹𝒑𝒓𝒆𝒅
𝟐  
Linear 0.9838 0.9817 0.9774 
2FI 0.9901 0.9871 0.983 
Quadratic 0.9998 0.9998 0.9996 
Cubic 1 0.9999 0.9997 
After selecting the empirical model and before applying it to generate the response surface, 
it is important to proceed to the analysis of variance and confirm if all terms should be or 
not included. Myers and Montgomery [98] suggest that in response surface work it is 
customary to fit the full model. Anderson and Whitcomb [99] state that insignificant terms 
will not create much impact, so they could be excluded from the model. From Table 5.7, 
and following Anderson and Whitcomb suggestion, terms AB and A
2 
were removed by 
using a backward reduction algorithm.  
The final empirical model to predict the hydrogen generation and shown in coded form is 
as follows: 
𝐻2 = 6.99 − 0.24𝐴 − 0.71𝐵 + 5.66𝐶 − 0.20𝐴𝐶 − 0.52𝐵𝐶 − 0.13𝐵
2 + 0.97𝐶2          (5.3) 
The coded equation is useful for identifying the relative impact of the factors with their 
respective coefficients. Positive coefficients mean that increasing the factor leads to a 
response increase. By default, the high levels of the factors are coded as +1 and the low 
levels of the factors are coded as -1. 
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Table 5.7 - ANOVA data. 
Source Sum of Squares F Value 
p-value 
Prob > F 
Model 595.78 11911.5 < 0.0001 
A- MSW Feeding Rate 1 179.71 < 0.0001 
B - Air Flowrate 8.95 1609.81 < 0.0001 
C - Temperature 576.3 103700 < 0.0001 
AB 0.016 2.9 0.1066 
AC 0.47 84.94 < 0.0001 
BC 3.23 581.99 < 0.0001 
A
2
 0.012 2.24 0.1528 
B
2
 0.11 19.03 0.0004 
C
2
 5.69 1023.98 < 0.0001 
The last step to conclude about the model adequacy is to diagnose the residual for 
abnormalities. Basically, differences (residues) between experimental data and the 
computed model are analyzed to verify if the residuals are pure noise or if there are other 
reasons behind the residuals patterns. Figure 5.27 depicts the normal probability as a 
function of internal studentized residuals. As it can be seen from Figure 5.27, only minor 
deviations are found confirming the assumption of normality. 
Also, a very helpful diagnostic can be found by plotting the residuals as a function of the 
predicted response. Figure 5.28 displays a random scatter which again confirms the 
usefulness of the developed empirical model. Furthermore, this indicates that is not 
necessary to consider transforming the responses by using other mathematical functions 
such as log or square-root. The same procedure was followed considering the other 
responses. All of them presented minor deviations from normality and constancy of 
variance and can be accepted as suitable to describe the behavior of the corresponding 
responses in the experimental design space. 
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Figure 5.27 - Normal plot of residuals. 
 
Figure 5.28 - Residuals as a function of the predicted response. 
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5.5.2. Single Response Optimization 
When 3 factors (or more) are studied and it is impossible to depict all factors at once in a 
graph, it is always interesting to present the perturbation plot. Figure 5.29 displays the 
effect of changing each one of the selected factors (MSW feeding rate (A), air flowrate (B), 
and gasification temperature (C)) on the hydrogen generation keeping all other operating 
conditions constant. The curvatures of each of the three factors from the center point dictate 
their significance. In this particular case, the sharp curvature of the gasification temperature 
(C) shows that the response “hydrogen molar fraction” is highly sensitive to this variable. 
On the other hand, the comparatively low curvatures from both MSW feeding rate (A) and 
air flowrate (B) shows less sensitivity of hydrogen production towards the change in these 
two factors. By using the perturbation plot as a departure point, the axis for contour or 3D 
response surface plots can be easily defined keeping the analysis with the most interesting 
factors for the process. 
 
Figure 5.29 - Perturbation plot for hydrogen generation. 
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Figure 5.30 shows the response contour plots as a function of the most significant factors 
after running an optimization algorithm for a single response. 
Figure 5.30a shows how the studied factors affect hydrogen generation (MSW feeding rate 
was kept at a constant value of 25 kg/h). Once again, the selected factors to appear in the 
plot axis are in agreement with the perturbation plot, where large coefficients imply more 
significant factors. Investigated parameters appear to provoke opposite effects on hydrogen 
fraction; on one hand H2 increased (over 6 times) when temperature was increased from 
500 to 700 ºC, while on the other hand H2 decreased (around 16 %) when air flowrate was 
increased from 40 to 100 m
3
/h. Increase in air flowrate will mostly promote oxidizing 
reactions which explains why hydrogen fraction decreases since these reactions promote 
both CO2 and H2O at the expense of CO and H2 [78]. Besides, since hydrogen generation 
reactions are mostly from endothermic nature, an increase in temperature will promote 
more hydrogen in the syngas mixture, in accordance with Le Chatelier’s principle. The 
operating conditions able to maximize this particular response through the optimization 
procedure were about 700 ºC and 40 m
3
/h. Both the obtained maximum value as well as the 
overall trends are in agreement with available literature as well as previously attained 
experimental results [13, 65, 66]. 
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Figure 5.30 - Contour response plots for a) H2 generation; b) H2/CO ratio; c) CH4/H2 ratio; d) LHV; e) Carbon 
conversion; f) Cold gas efficiency and g) Tar generation. 
In Figure 5.30b H2/CO ratio appears to be more sensible with air flowrate variation. 
Although an increase in air flowrate decreases both CO and H2, the increase of steam inside 
the reactor strengthens the water-gas shift reaction encouraging CO consumption and H2 
generation. Furthermore, this steam surplus decreases bed temperature thus preventing CO 
formation [100]. Regarding the influence of gasification temperature on the H2/CO ratio, it 
has a positive effect when temperature is first increased but that trend reverses once 
temperature reaches about 620 ºC. Since hydrogen production reactions are mainly 
promoted at lower temperatures the ratio first presents a strong increase. However, since 
carbon monoxide is mainly promoted at higher temperatures the trend quickly reverses. 
This is consistent with available literature [74]. Optimal operating conditions to maximize 
 78 
 
this ratio were found at: MSW feeding rate = 75 kg/h; Air flowrate = 100 m
3
/h; and 
temperature = 621 ºC.  Absolute values are extremely hard to validate since there are many 
parameters that greatly impact these ratios (reactor dimensions and feedstock properties, 
just to name a few) one cannot pinpoint experimental data from the current literature but 
the overall trends follow the obtained results [52, 65]. 
CH4/H2 ratio appears to be highly dependent on the temperature variation, Figure 5.30c. As 
temperature rises, endothermic reactions (mainly steam reforming and water-gas reactions) 
will be promoted leading to an increase in H2 content at the expense of CH4. Air flow rate 
has a much smaller effect on CH4/H2 ratio since it decreases both species similarly. These 
results are consistent with the current literature [101]. Near unity ratios were found in the 
500 ºC range (at a MSW feeding rate of 75 kg/h and an air flowrate of 40 m
3
/h). While 
MSW isn’t particularly known for high CH4/H2 ratios, at low temperatures pyrolysis has a 
predominant role in gasification leading to an overall higher ratio [102]. 
Figure 5.30d highlights that gasification temperature has a positive influence on LHV while 
air flowrate has the exactly opposite effect. This is expected since the former promotes the 
formation of combustible gases (responsible for the syngas calorific value) while the latter 
prevents it. Overall calorific values for this particular waste are on the lower-hand (2 – 6 
MJ/Nm
3
) but within what is commonly found on the literature for MSW gasification using 
air as a gasifying agent (4 – 7 MJ/Nm3) [103]. 
From Figure 5.30e, it can be seen that both gasification temperature and air flowrate have a 
strong (positive) effect on carbon conversion (a value of MSW feeding rate = 27.5 kg/h was 
obtained at the maximum carbon conversion point). This can be explained with temperature 
favoring tar reforming leading to overall higher conversion [66]. Similarly, since oxidation 
reactions are exothermic (meaning they release energy into the reactor) leads to steam 
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reforming reactions being promoted which in turn promotes carbon conversion [104]. The 
obtained values are also within the typical ranges for this kind of wastes [103].  
Cold gas efficiency is mostly dictated by gas yield and syngas calorific value. While both 
gasification temperature and air flowrate promote gas yield (by enhancing reforming 
reactions) only temperature has a positive impact on the calorific value, thus explaining 
why parameters display opposed trends. Most commercial-size reactors found in the 
literature operating with MSW and using air or oxygen-enriched air as gasifying agent have 
a CGE of at least 50 % and in some cases slightly exceeding 80 % [103], which is 
consistent with the obtained results. If one pays close attention to contour plots for carbon 
conversion and tar content (figure 5.30g) one will surely notice that they are the reverse of 
one another. This is to be expected since an increase in temperature (which both parameters 
lead to) enhances reforming reactions which in turn promotes carbon conversion which is 
known for improving tar decomposition. This is consistent with the available literature [65, 
66]. A minimal value of 8.1 g/Nm
3
 was found at the highest values of temperature and air 
flowrate (MSW feeding rate = 25 kg/h). 
5.5.3. Desirability Function 
So far, the previous analysis was performed considering a single response. However, an 
industrial environment requires the ability to lead with several restrictions and multiple 
goals. Sometimes, it is necessary to find a commitment between yields and energy savings 
or other responses of interest. To cope with several goals, one should combine all goals into 
a unique function, also known as an objective function. Derringer et al. [105] suggests the 
use of the desirability concept as a way to measure the success of combing multiple 
responses. Desirability can be computed as follows: 
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𝐷 = (∏𝑑𝑖
𝑛
𝑖=1
)
1
𝑛
                                                                                                                                (5.4) 
Where 𝑑𝑖 is the desirability of each response and D is the overall desirability. D ranges 
from 0 to 1 (1 being the most desirable condition). Prior to computing desirability values, it 
is necessary to define the goals for each one of the selected responses (maximize, minimize, 
bounded between certain values or even equal to a fixed value) and also different weights 
in the case of some variables must be more important than others. Table 5.8 shows the 
goals for each one of the responses at different simulation scenarios. The imposed goals are 
based in typical working responses at industrial conditions. Figure 5.31 shows the optimal 
operating conditions and response values considering a complex study of 7 different 
responses. The purpose of this kind of methodology is quite obvious in an industrial 
environment. It is important to notice that the optimal operating conditions are now 
different from those found for single response optimization. Also, it is possible to tailor the 
required responses changing the input conditions. 
Table 5.8 - Optimization scenarios based on different combined response targets. 
Response Optimization 1 Optimization 2 
H2, % Maximize Maximize 
H2/CO Maximize Maximize 
CH4/H2 Minimize Minimize 
LHV, MJ/Nm
3
 Maximize 4-7 
Carbon Conversion, % Maximize >90 
Cold Gas Efficiency, % Maximize 50-80 
Tar, g/Nm
3
 Minimize <10 
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Figure 5.31 - Optimal operating conditions and corresponding responses based on scenarios described in table 
9: a) optimization 1; and b) optimization 2. 
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5.5.4. Robust Operating Conditions 
When a single optimization is carried out it is possible to obtain the desired target 
(maximum, minimum or value within a range) at multiple points of operation. However, 
some of these points might set the process on a sharp peak of response. At these 
circumstances, one should select the operating conditions more robust to variation 
transmitted from input factors. These conditions can be found applying a mathematical tool 
named propagation of error. POE can be defined as the square root of the variance of the 
selected response. To proceed with POE, the standard deviation from each one of the 
studied input factors is needed. Data was obtained considering historical data from 
experiments gathered at the pilot scale gasification plant presented in Chapter 2. Standard 
deviations from the selected input factors can be found in Table 5.9. 
Table 5.9 - Standard deviation for input factors. 
Input Factor Standard Deviation 
MSW feeding rate, kg/h 8 
Air flowrate, m
3
/h 15 
Temperature, ºC 5 
Unfortunately, the setting of factors that meet the maximum of response are not at 
minimum POE. Once again, this problem (multi-optimization) can be overtaken taking 
advantage of using the desirability function where the response is maximized and POE is 
minimized. Figure 5.32 shows the 3D plot of hydrogen generation as a function of 
temperature and air flowrate a) at the optimal condition; b) combining the optimal and 
robust conditions. 
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Figure 5.32 - Hydrogen generation as a function of the temperature and air flowrate for a) single optimization; 
b) optimization combined with POE. 
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From Figure 5.32, it can be observed that combining the optimization procedure with 
robust conditions implies a decrease on hydrogen generation from 15 % to about 9 %. Also, 
the MSW feeding rate changes from 25 kg/h in Figure 5.32a to 75 kg/h in Figure 5.32b. 
Obviously, other results can be obtained considering different weights for each one of the 
studied responses. Also, considering that this approach is a numerical methodology it could 
be possible to attain similar results considering a different set of factors. This kind of 
information combined with acquired experience of operating a gasifier allows taking 
reliable and smart decisions considering a wide range of goals. 
A similar approach was performed for the other responses of interest and is given in Table 
5.10. 
Table 5.10 - Combined optimization for single responses. 
Response 
Factors 
SO/SO+POE Single 
Optimization 
(SO) 
SO + POE 
MSW Feeding 
Rate, kg/h 
Air Flowrate, 
m
3
/h 
Temperature, 
ºC 
H2/CO 75/25 100/100 621/610 0.94 0.80 
CH4/H2 75/75 40/100 500/545 0.99 0.55 
LHV, MJ/Nm
3
 25/75 40/40 700/682 5.81 4.92 
Carbon 
Conversion, % 
27.5/27.5 100/100 700/700 96.80 96.80 
CGE, % 25/30 40/40 700/600 75.70 62.80 
Tar, g/Nm
3
 25/25 100/100 700/700 8.10 8.10 
From table 5.10, it can be observed that both carbon conversion and tar responses show the 
same set of operating conditions for single and combined optimization. This means that it is 
possible to achieve the maximum performance of this response at the most stable operating 
conditions. 
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5.5.5. Improving System’s Capability towards Six Sigma Standards 
The tolerance intervals (95 %) for hydrogen generation (combined optimization) are in the 
range 8.89 - 9.60. At industrial level, it is sometimes necessary to shorten these intervals 
and guarantee narrower boundaries and consequently less variation on the final syngas 
responses. We can assess and establish targets and tolerances for the selected responses by 
using a mathematical approach. To improve the system capability, Cpk, a mathematical 
model of the process is needed which can be obtained by the developed empirical model of 
the response surface method. Also, additional data from the design of experiments is 
needed: input factors, corresponding ranges and standard deviation and responses data. To 
end the process it is necessary to provide the response specifications. In this particular case, 
the new range will be 9 - 9.5. These new specifications narrow the former 
confidence/tolerance intervals obtained by coupling the selected response and 
corresponding POE. In such manner, the Cpk and 6 sigma level are increased about 20 %. 
The new operating conditions are: MSW Feeding Rate = 72 kg/h; Air Flowrate = 40 m
3
/h; 
Temperature = 622 ºC. 
At this level, the response interval can be accepted and assume that the response is 
satisfactory or decisions have to be taken to improve the process. Improvements can be 
attained: by reducing the standard deviation of the input factors with improved control 
devices and methods; by changing the intervals of the selected inputs or changing for 
different inputs; by changing the process design; by accepting the occurrence of some 
deviations; or then by refusing the opportunity to produce the syngas for certain 
applications that require minimal variation at this kind of response. 
One possible solution is to control the inputs more effectively. Figure 5.33 shows that the 
most variation transmitted to the response comes from the input factors B and C. Improving 
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input factor A does not bring any advantage to the process, so our focus should be in input 
factors B and C. Some of the transmitted variation is also due to model development. 
A similar approach can be followed for each single response or considering a combined 
optimization including all the responses. 
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Figure 5.33 - Transmitted variation to the response from input factors. 
5.6.Scale-up Analysis 
At this time the model has been validated for both pilot and laboratorial scale conditions 
and presented similar relative errors and capability in correctly predicting trends for 
different operating conditions. This means that it is now possible to compare both reactors 
using the same biomass type as well as operating conditions without the influence of the 
model being responsible for the variation in results. 
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According to Knowlton et al. [106] one of the major concerns regarding biomass 
gasification is the scale-up effect. The nonlinear hydrodynamic behavior combined with 
complex chemistry schemes can greatly impact the gas-solid flow [14]. Because of this, 
larger particles are more difficult to scale-up than smaller ones. Although trends were 
similar between reactors there were significant differences regarding gasification products. 
Table 5.11 summarizes some of most relevant findings. 
Table 5.11 - Most relevant findings regarding gasification products for different reactors. 
Gasification Product Findings 
Residence Time Residence time was shorter for laboratory-scale reactor 
Gas composition 
Syngas obtained in laboratorial runs presented higher levels of CH4 
and CO2 and lower levels of CO and H2 
Gas yield Gas yield was higher in semi-industrial reactor 
Temperature Temperature was higher in semi-industrial reactor 
In fact, laboratory scale reactor led to a syngas with higher levels in CO2 and CH4 and 
lower CO and H2 ones. This has to do with higher residence time in semi-industrial reactor 
will favor gasification reactions thus leading to a syngas with higher calorific value [107]. 
Moreover, the increase in residence time promotes gasiﬁcation reactions and carbon 
conversion leading to higher gas yield [71]. 
Scale-up effects can also be seen in other gasification parameters such as syngas calorific 
value and biomass type. Figure 5.34 shows the scale-up effects in syngas calorific value for 
the two studied biomass substrates.  
Generally, biomass with higher heating value will produce syngas with higher heating 
value as well [108]. So, it comes with little surprise that syngas with higher heating value 
was produced by forest residues, a more energetic substrate.  
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Figure 5.34 - Effect of scale-up on syngas low heating value for all studied biomass types. (Operating 
conditions were 800 ºC gasification temperature and 21% oxygen content). 
Effects of scale-up on syngas composition were already studied but in a summarized 
manner due to shorter residence time, laboratory scale reactor led to a produced gas with 
higher CO2 and CH4 and lower CO and H2 content [109]. Being the later 2 the ones with 
the most influence in the syngas calorific content.  
So far the influence of biomass type on scale-up effects in biomass gasification hasn’t been 
properly explained in literature. There are several biomass properties that can influence 
scale-up, namely chemical structure, volatile content, size particle, just to name a few. 
Some studies on co-gasification showed that coal mixed with pine presented an increase in 
gas yield due to the higher volatile content of pine [110]. Increase in gas yield is related to 
tar decomposition into smaller and gaseous molecules. According to Aljbour and 
Kawamoto [111] a reduction in tar production by increasing the residence time was 
observed. So, it is possible to say that higher volatile content will lead to an increase in the 
residence time that in turn will favor gasification reactions [107]. Well, since vines pruning 
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has the highest volatile content of the two [110] it comes with no surprise that it also 
presents the biggest difference between both reactors as seen in Figure 5.34. 
Particle size can play a very important role in the scale-up effects. As previously stated, 
different size particles scale-up differently. In fact, larger particles are more difficult to 
scale-up than smaller ones. Also, according to [106], scale-up becomes more complex by 
needing to know how the particle density in the fluidized bed reactor changes with 
diameter. So a larger particle or denser biomass type will be harder to scale-up and it will 
also be harder to correctly predict the biomass gasification process than in a smaller one 
with less density. This can be explained by smaller particles, due to their larger surface 
areas per mass unit, can facilitate faster gasification rates [112]. Regarding produced gas 
composition from smaller biomass particles, Rapagna et al. [113] found that smaller 
particles led to a syngas with higher CO and H2 contents. Because of this smaller particles 
can result in higher gas energy content [114]. So, again, it comes with no surprise that 
forest residues, which has a smaller particle than vines pruning [115], has a syngas with 
higher gas calorific content.  
Numerical modeling has great potential in predicting scale-up effects on the gasification 
process. However, at this point in the development of numerical models the use of CFD 
alone to scale-up a new process must be used with caution. Extensive experimental work is 
still required for successful scale-up.  
5.7.MSW Gasification: Possible Applications  
MSW as well as other biomass substrates can help to replace or at least diminish the use of 
fossil fuels. Not only does it have a LHV nearly as high as most conventional biomass 
feedstocks but also has a pre-existing collection/transportation infrastructure that does not 
exist for conventional biomass resources [116].    
 90 
 
Alongside LHV there are other gasification products that dictate the best use for a particular 
produced syngas. In Table 5.12 desirable syngas characteristics for the various options are 
summarized. 
According to Table 5.12, as well as the results from sections 5.2 and 5.3, it can be seen that 
the optimal application for the syngas obtained from LIPOR’s MSW (with corresponding 
operating conditions) is synthetic fuels. In fact there is substantial work on the subject [117-
119]. According to [120], a metric ton of USA MSW can produce up to 145 liters of ultra 
clean diesel fuel or up to 165 liters of ultra clean gasoline.  
Table 5.12 - Desirable Syngas Characteristics for Different Applications [121]. 
Product H2/CO hydrocarbons LHV Temperature, ºC 
Synthetic Fuels 0.6 Low Not Important 300-400 
Methanol 2 Low Not Important 100-200 
Hydrogen high Low Not Important 100-200 
Fuel Gas 
Boiler Not important High High 250 
Turbine Not important High High 500-600 
Materials of biological nature can help to replace natural gas and fuels made from fossil.  
This can be of great help to the reduction of greenhouse gas.  By converting MSW (along 
with all the other organic matter) it is possible to eliminate the increase of carbon dioxide 
which would otherwise occur by burning fossil fuels. 
Generally, requirements for syngas characteristics for fuels and chemical synthesis 
applications are far more critical than for hydrogen and fuel gas applications. Syngas with 
low quantities of inerts such as N2 can in fact be extremely beneficial for fuels and 
chemicals synthesis since it considerably reduces the size and cost of downstream 
equipment. Also higher temperatures can benefit production of fuels, chemical synthesis 
and hydrogen. In fact, at temperatures over 1,200 °C little or no tar, methane, or higher 
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hydrocarbons are formed, while syngas (H2 and CO) production is maximized. If higher 
temperatures cannot be achieved inside the gasifier, tar cracking might be required. 
Typically, though, this is not the case and therefore gas cleanup is somewhat minimal for 
synthesis applications [121]. 
Other operating parameters like gasification pressure as well the oxidant used, can have a 
great degree of influence on the optimal syngas output. High pressures, over 20 bar, can be 
advantageous for fuel and chemical synthesis. On the other hand, air can have a detrimental 
effect to synthesis processes due to nitrogen diluting the product gas. Changing steam to 
oxygen ratio input can be used to adjust the H2/CO ratio in order to match desirable syngas 
characteristics [121]. 
Even though guidelines from Table 5.12 can give a good indication on optimal syngas use, 
it should not be interpreted as strict requirements. Supporting process equipment such as 
scrubbers, compressors, coolers, etc. can be used to adjust the condition of the product 
syngas to match those optimal for the desired end-use [121].  
To the best of our knowledge there is limited data regarding syngas quality indices for 
MSW. Also, data regarding syngas obtained from MSW using a pilot scale thermal 
gasiﬁcation plant is very limited. The majority of the literature shows syngas compositions 
obtained in a laboratory or small-scale gasiﬁer. These two factors combine make the results 
presented in this thesis very significant to MSW gasification in semi-industrial conditions.  
5.7.1. Applications for MSW Gasification with CO2 
Due to its characteristics, syngas from MSW has been used both for fuel gas and synthetic 
fuel application, although mainly for the latter than the former in recent years [122]. Syngas 
composition for fuel gas applications does not require very strict specifications as long as a 
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high enough heating value is supplied through combustible gases, whereas chemical and 
fuel production require not only high H2 content but also low CO2 and CH4 content. 
On the other hand, biomass gasification with CO2 as its gasifying agent can be used for an 
extremely wide variety of applications [61, 123] due to the ability to tailor H2/CO ratio via 
CO2 injection. As observed by Butterman and Castaldi [123], the H2/CO ratio has a clear 
impact on the optimal application for a given substrate. Higher H2/CO ratios allow for the 
operation of solid oxide fuel cells [124] while mid H2/CO ratios are more appropriate for 
FT synthesis of liquid fuels. Mid-to-lower ratios are mainly suitable for catalyst-based FT 
synthesis whereas very low ratios are particularly suitable for the production of a specific 
biomass-derived liquid chemical [125] which can be obtained by CO2 injection during 
thermal processing.  
This means that CO2 gasification decreases substrate influence on the produced gas and, at 
the same time, is able to ensure the production of a syngas that can meet the requirements 
of a particular chosen industrial application [123]. In addition to improving the gas 
obtained, adding CO2 to the gasification process can reduce two major concerns related to 
municipal solid waste gasification, namely tar formation and CO2 production.  
5.7.2. Assessment of Steam Gasification in the Treatment of PMSW 
Even though the results from PMSW are not on par with those from other studied fuels, 
gasification can still be an advantageous alternative when handling municipal wastes. By 
allowing a safe residue disposal via an optimal route for waste-to-energy, steam 
gasification of MSW becomes a very attractive process and the pre-existing collection and 
transportation infrastructure that is currently available does not exist for the compared 
biomass resources, rendering it an even more interesting process [116].      
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There are two other relevant concerns that further increase the interest on MSW 
gasification in relation to biomass substrates, namely the undefined availability of 
sustainable biomass resources, seasonal availability and local energy supply [126] that can 
lead to great uncertainty on the overall availability and sustainability of biomass as a 
resource;  and the fact that waste production is becoming one the main concerns of the 21
st
 
century seeing that, according to the latest report regarding MSW production [7], 
approximately 1,300 million tons of MSW were produced in 2012, a value which is 
projected to double by 2025. Overcoming these issues justifies the need for studying 
gasification for MSW treatment. 
Steam gasification is an effective process of renewable H2 generation, capable of producing 
the highest yield of H2 from biomass while simultaneously offering a cleaner product with 
minimal environmental impact. In fact, according to Nipattummakul et al. [127], it is an 
effective mode of producing renewable H2 without leaving any carbon footprint in the 
environment.  
Hydrogen can play a key role in the replacement of fossil fuels [128]. It exhibits excellent 
properties both as fuel and as an energy carrier, and when generated via combustion of 
renewable resources, it significantly reduces pollutant emissions. However, the majority of 
H2 is produced from fossil fuels, while only 4 % is produced from renewable sources [128]. 
Due to the negative effect that fossil fuels have on the environment as well as their negative 
economic impact on importing countries, it is crucial to look for an alternative source of H2 
generation. It follows that if MSW were to be used for H2 production, not only would it 
protect the environment, but it would also provide a sustainable source of H2. 
In this section, previously obtained results are analyzed in an economic perspective in a 
framework of hydrogen production through RDF gasification. To assess the potential of 
 94 
 
this system it is necessary to compare it with conventional management practices such as 
landfills. Some of the considerable costs and benefits associated with RDF production and 
utilization are summarized in Table 5.13 (detailed explanation on these considerations can 
be found in the work of Reza et al. [129]). 
Table 5.13 - Considerable costs and benefits associated with RDF production and utilization. 
Associated Costs Associated Benefits 
Operational costs Fuel savings 
Plant construction and land cost Reduction of landfilling expenses 
Additional costs for hydrogen production Recovered material 
Transportation costs Employment impact 
Processing and converting MSW to RDF has both costs and benefits. On one hand, it 
consumes energy and produces emissions. On the other hand, recovered materials, such as 
ferrous metals, can be sent to a secondary market for sale thus decreasing the cost for 
processing and converting. On top of that, by choosing this technology over landfills, only 
a small percentage of waste ends up being deposited resulting in at least 60 % landfill 
reduction.  
According to Zhang et al. [130], approximately 28,500 tons of MSW can occupy 1 ha of 
land. Therefore, by applying this technology to 2.72 million tons of MSW (Portuguese 
production of MSW sent to landfills in 2012 [131]), over 57 ha of land can be saved from 
landfilling each year. This reduction can be extremely beneficial not only in financial 
savings but most important in a substantial decrease in air emissions. 
A 2012 EPA study commissioned by the American Chemistry Council’s Plastics Division 
and conducted by RTI International [132], estimated that gasification results in a net carbon 
emission savings of 0.3 - 0.6 tons of carbon equivalent per dry ton of MSW when 
compared to landfill disposal. This net savings is due mainly to the energy produced 
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through gasification because even in the scenario with the landfill recovering energy, the 
gasification facility produces energy in a much more efficient way [134].  
The following analysis is based on the results presented in [38] for MSW applied to the 
gasification plant described in Chapter 2. Chosen operational conditions are: SBR of 1.5; 
gasification temperature of 750 ºC and MSW feed rate of 50 kg/h. The higher feed rate 
(half of full capacity) was selected since, from experimental analysis, this feed corresponds 
to the optimal operating condition (more stable gasification results). Also, from previous 
studies [134] we know that hydrogen production isn’t seriously affected by operating at 
higher MSW feed. Considering a syngas composition comprising 36.2 % of H2 and a 1.51 
m
3
 of syngas produced per kg of RDF, which in turns, gives 0.55 m
3
 of H2 per kg of RDF. 
Considering that 1 m
3
 of H2 can translate to roughly 0.002 barrels of oil [135], one can 
estimate both the number of barrels of crude oil saved and the annual savings from the 
collected data. 
With the Oil Brent Price currently around 45 €, Portugal spends on average 4,971 million € 
a year on international transactions, importing close to 110 million crude oil Brent Barrels, 
although the yearly budget used to be much higher when the price per barrel was over 100 
€. By resorting to MSW gasification with steam, and considering the conditions described 
above, an estimated expense of about 81.5 million € could be avoided, which represents a 
global decrease of 1.8 million crude oil Brent Barrels imported. 
Table 5.14 shows several parameters taken into account to perform this economic 
evaluation. The capital cost of a gasification plant of 50 kg/h identical to the one previously 
described is around 450,000 € that are linear amortized in its life time of 20 years with 
residual value of zero. Assuming a cost of 20 €/ton of RDF (commonly found in similar 
situations [136]) the minimum cost for hydrogen production is close to 2.66 €/kg. 
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Considering an annual hydrogen production of 216,342 cubic meters from 660 tons of 
MSW (which are converted to 396 tons of RDF) one can expect to save 432 barrels of 
crude and avoid almost 232 cubic meters of landfill a year. On top of that one can expect to 
recover at last 66 kg (10% of the total MSW) which, as stated, can be sent to a secondary 
market for sale. Estimating a net carbon emission savings of 0.45 TCE per dry ton of MSW 
one can estimate reduction of 297 TCE per year. 
Considered benefits and costs have been calculated based on actual data from Portalegre’s 
plant, expert judgments, and construction and operation costs of analogous waste treatment 
plants in Europe. Although at different scales and applications, existing economic studies 
corroborate the obtained data [129, 132, 137-139]. 
There are several sources that are currently being used for H2 production. Figure 5.35 
depicts energy efficiency and H2 production cost for the main processes and compares it 
with obtained results for MSW gasification. 
Out of all presented methods, MSW gasification appears to be very well balanced, 
displaying an average efficiency and a low production cost, and is the only process with a 
renewable source, since all other relevant methods depend on fossil fuels.  
Although hydrogen production cost for this particular study was slightly higher than 
expected it is crucial to mention that the comparison was made with large facilities, some 
having an annual H2 production which exceeds the production of the studied process by a 
factor of more than 100. While this makes the comparison between the data difficult, they 
certainly allow for an optimistic prediction.  
 
 
 
 97 
 
Table 5.14 - Economic and environmental impact from the conducted simulations. 
Operational Costs 
  RDF feed 396 ton/year 
RDF costs 20 €/ton 
Total RDF costs 7,920 €/year 
   Dolomite feed 3.3 ton/year 
Dolomite costs 55 €/ton 
Total dolomite costs 181.5 €/year 
   Electricity costs 2,059 €/year 
Personnel costs 41,328 €/year 
Maintenance costs 10,890 €/year 
   Plant Construction and Additional Costs 
  Fluidized Bed Gasification Plant 50 kg/h 450,000 € 
   Associated Benefits 
  Fuel Savings 432.68 boe/year 
Landfill Reduction 231.58 m
2
/year 
Emission reduction 297 TCE/year 
Recovered material 66 kg/year 
   Hydrogen Production  
  
Syngas production (1.51 m
3
/kg RDF) 597,960 m
3
/year 
Hydrogen production  216,342 m
3
/year 
   Operational Result 
  Total production costs 62,379 €/year 
Linear amortization (20 years) 22,500 €/year 
Total production benefits 33,108 €/year 
Total hydrogen production costs 2.66 €/kg 
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Figure 5.35 - Comparison between H2 production methods for a) Energy production and b) H2 production cost 
[109]. 
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In fact, one can only assume that with a bigger installation the average hydrogen production 
costs would only decrease. According to Farver and Frantz [133], larger facilities of over 
100 metric tons of MSW per day are predicted to be more profitable but as yet do not exist. 
This also brings us to a very important aspect, which is the learning effect. The economic 
analysis is presented based on current or recent costs. However, learning effects reduce 
these costs as more units are built and experience is accumulated [140]. The impact on total 
plant costs can be significant. According to the International Energy Agency [141], for 
emerging technologies, a 50 % reduction of total plant costs may be achieved after the 
installation of 10 plant units. 
This data is of utmost importance considering the Portuguese economic overview. Portugal 
is a country poor in energy resources of fossil origin and with a recorded energy 
dependence on imports of energy products of 79.4 % in 2012, which translates into an 
expense of over 7,000 million euros to meet power requirements. In order to reduce energy 
dependency and secure the national supply, it is necessary to increase the relative weight of 
primary energy produced in Portugal. 
Considering the latest national report, in 2012, 4.53 million tons of MSW were produced in 
Portugal [131]. According to Teixeira et al. [8], most of the MSW in Portugal is sent to 
landfill and incineration continues to be the most common method of thermal treatment for 
waste-to-energy facilities. The state of development of gasification technology and its 
increasing adoption rate, along with environmental restrictions and laws, shows that 
gasification is a viable and cleaner alternative for MSW conversion to energy.  
Although quantifying the global volume of harmful emissions saved from reducing the total 
amount of municipal solid waste going to landfill is extremely difficult it is unquestionably 
that reducing methane, volatile organic compounds, and hazardous air pollutants (such as 
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benzene, toluene, ethylbenzene, etc.) will have a positive effect on environmental and 
human health. 
In fact, reduction of MSW sent to landfills in one of the greatest benefits of hydrogen 
production from MSW gasification. Transportation costs and tipping fees are growing 
increasingly expensive as more landfills are closed while few are opened. This type of 
relief to a constrained landfill system holds enormous promise, particularly for Azores and 
Madeira (islands that are part of the national territory) with limited landfill space and 
regions of the country with high tipping fees for waste disposal.  
These results show the potential benefits of MSW gasification, not only at an 
environmental level, but also on an economic one. However, these figures should be 
regarded only as indicative and an economic viability study must be carried out with the 
valuable assistance of numerical simulation. 
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6. Conclusions & Future Work 
Accelerated population growth combined with high socioeconomic development and rapid 
urbanization has led to one of the greatest challenges facing modern society, the 
management of municipal solid waste. Not only does its incorrect management negatively 
impact public health and the environment but its treatment usually represents the single 
largest budgetary item of a city. As a possible solution to this problem, gasification of 
MSW from Portugal, in particular from the Oporto metropolitan area, was investigated. 
A previously developed numerical model was employed and its results validated using data 
collected from the literature, and then expanded to predict process results using a pilot scale 
gasifier. Chosen limits for the several studied parameters were selected based on previous 
studies and available literature. The following conclusions can be drawn from the obtained 
results: 
 The increase of ER has a negative effect on H2 production because the oxidation 
reactions are favored when the reaction medium had higher contents of oxygen. On the 
other hand, the increase of ER has a positive effect on the reduction of tar content with 
increased gas yield. 
 The use of steam as a gasifying agent in gas-phase reactions results in the 
decomposition of hydrocarbons and increasing contents of H2. The introduction of steam 
also leads to more tar participating in steam reforming, which led to a rapid increase of gas 
yield and tar reduction because of higher conversion efficiency. 
 The reactor temperature had a significant influence on the syngas compositions, 
since the main reactions of the gasification are endothermic. Higher temperature contributes 
to higher hydrogen content. Moreover, high temperature also favors destruction and 
 102 
 
reforming of tar leading to a decrease in tar content and an increase in gas yield because of 
higher conversion efficiency. 
 CO2 as a gasifying agent has a strong influence on syngas composition. With higher 
CO2 content, Boudouard and reverse water-gas shift reactions are promoted leading to 
higher CO content while H2 presented lower content. Results show that increasing CO2-to-
MSW ratio positively influences gas yield while negatively influences the tar content. This 
is related to enhancement in char gasification and pyrolysis as well as enhancement in 
thermal cracking of volatiles. 
 Catalysts can significantly increase the content of hydrogen while decreasing tar 
yield in the gasification of MSW. With the presence of NiO/MD catalysts, the tar was 
almost eliminated and gas yield increased remarkably. Particularly, the content of hydrogen 
in the generated gas increased to 40%. Therefore, the NiO/MD is a promising catalyst for 
the application of hydrogen production from MSW steam gasification. 
 MSW was also compared with previously studied Portuguese biomass substrates. 
Results shown that MSW produced lower H2 and CnHm due to low C:H ratio and low O2 
content. On the other hand due to low volatile content it also presented high tar content and 
lower gas yield than the other studied fuels. 
Energetic and exergetic efficiencies of gas components and tar content at various ER values 
and reactor temperatures were also studied. The set of operational conditions that promoted 
the highest overall efficiency were found at 0.25 and 900 ºC. In this particular point a 
Sankey diagram was created for visualization purposes. 
A 3
k
 full factorial design with 27 runs generated by a 2D Eulerian-Eulerian multiphase 
CFD model was used to proceed a single optimization based on the response surface 
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method to target the best operating conditions for 7 different responses that quantitatively 
determine the gasifier performance. Using such approach, the best conditions for MSW 
feeding rate, air flowrate and temperature were found. Also, it was possible to define the 
full behavior of these factors under the design space considering all the responses in a 
single and combined ways. A similar study was performed considering the normal response 
values in industrial environment and making use of the desirability function it was possible 
to get the best conditions that respected those targets. A procedure to combine both 
optimized and robust conditions was followed by combining response surface and 
propagation of error methods. In such manner, each response was obtained ensuring a 
stable syngas generation. Finally, and by using empirical equations from the response 
surface method combined with narrower specifications for each response was possible to 
improve the process Cpk and six sigma standards. One feasible solution to get further 
improvements suggests the standard deviation reduction by more restrictive control 
procedures on the input factors.  
The scale-up of a new fluidized bed process is one of the most difficult types of scale-up. 
However, the use of techniques based on experience and design models can minimize risk 
and uncertainty. Computation Fluid Dynamics has potential in predicting the effect of scale 
on biomass gasification. In order to test the true potential of numerical models to predict the 
effects of scale-up, a two-dimensional model was build using data from a semi-industrial 
gasification plant. Height/cross section ratio between both reactors was chosen according to 
previously relevant studies. Influence of gasification temperature, oxygen content and 
biomass type on different reactors size was studied. Bigger reactors led to syngas with 
higher contents in CO and H2 due to residence time in those reactors being longer. In fact, 
residence time showed to be a major influence on the scale-up effects. Influence of biomass 
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type in different reactors was yet to be properly addressed on the current literature. An 
attempt on answering was made. Volatile content as well as particle size showed a 
considerable influence on the obtained results. 
By applying a robust and proven numerical model to the thermodynamic analysis of MSW 
gasification the work presents a set of interesting results on the optimal operating point of 
an industrial size system. The pre-existing collection and transportation infrastructure that 
is currently available for municipal waste combined a safe residue disposal via an optimal 
route for waste-to-energy with the possibility for efficiency optimization as shown in this 
thesis makes the gasification of MSW in Portugal a very attractive process.  
Finally, the influence of steam gasification on both harmful emissions avoided and annual 
savings was studied. By resorting to MSW gasification with steam, an estimated annual 
savings of about 81.5 million euros could be attained, which represents a global budget 
decrease of 1.63 %, and an average of over 57 ha land can be saved from landfilling each 
year. Although purely indicative, these figures present very promising estimates for the 
future. 
Having exhausted the study on Eulerian-Eulerian models of fluidized-bed gasification the 
plan is to move to more advanced models (namely hybrids between Eulerian-Eulerian and 
Eulerian-Lagrangian). Furthermore, the scale-up phenomenon will be further investigated 
by performing experimental runs on different size reactors. Finally, interaction between 
technologies is the next major step in our work. 
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